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ABSTRACT
The principles of In Vivo Neutron Activation Analysis, iVNAA, and the present 
status of iVNAA methods and other in vivo elementai composition techniques have 
been outiined.
Description has been given of the modifications made to the iVNAA facility 
used in the present study and the subsequent effects on the performance of the 
system have been discussed. Detection limits, using the 'prompt' neutron activation 
technique for the major body eiements, sodium, chiorine and nitrogen were found to 
be 220 ppm, 140 ppm and 1.55% by weight, respectively. It was found that neither 
calcium nor phosphorus could be measured using the 'prompt' technique at acceptable 
dose levels to the subject. It has been shown that measurement of body chlorine 
concentrations through the Ci (n,y) Ci reaction is not feasible using ’cyclic’ 
activation analysis at acceptable dose levels delivered to the subject.
Determination of cadmium and selenium concentrations in a liver phantom was 
carried out, during the same experiment, using the technique of alternate ’prompt’ and 
’cyclic’ activation analysis. This allows for the collection of the ’prompt’ gamma-ray 
data with no further dose delivered to the subject. Detection limits of 13 ppm and 5.8 
ppm for Cd and Se were obtained, respectively. The origin of the interfering photopeak 
in Se measurements was not conclusively identified but some of the possible 
sources have been outlined and suggestions have been made for further 
investigations.
Neutron inflicted damage of germanium based semiconductor detectors has 
been discussed and a method of Ge(Li) crystal repair has been described that is 
expected to lead to full fast neutron damaged detector regeneration, provided that the 
necessary active outgassing of the detector vacuum enclosure is incorporated.
A Monte Carlo aided Fortran-77 computer programme for the calculation of the
average solid angle subtended by a collimated detector at the photon emitting source 
which addresses the collimator edge penetration was developed and tested. The 
strength of the simulation technique in providing pre-experimentai information in a 
variety of investigations where collimated detectors are used for gamma-ray 
measurements has been demonstrated. The goal of performing IVNAA as an 'absolute' 
method has been partially addressed; it has been shown that the programme can be 
used to: (i) determine the volume of the activated target viewed by the collimated 
detector and (ii) to estimate the effect of the neutron flux non-uniformity within the 
activated volume of interest.
Finaiiy, the photoneutron field around a medical electron accelerator has been 
determined using 'bare' activation detectors. A review has been given of the past 
photoneutron measurements and the results of the present study have been 
discussed. Evidence of photoneutron production within the patient body has been 
presented. The 'in beam’ photoneutron dose equivalent contribution on the patient 
plane was found to be 8.7 + 30% mSv per Gy of photons.
INTRODUCTION
The function of the human body is affected by various anatomical, physiological 
and psychological factors. The aim of understanding the effects of the many 
parameters that influence the correct ( or otherwise ) function of this complex 'system' 
often relies on the information obtained from various physical, chemical, anatomical 
and physiological measurements.
Over the years a large number of techniques have emerged that provide 
specific information related to the human body function in 'normal' and/or abnormal 
conditions. The importance of the determination of body elemental composition has 
long been acknowledged in such studies and various in vitro and in vivo techniques 
have been developed to provide the required information. However, to date, no 
technique has emerged that provides all thé information sought whilst meeting aii the 
required criteria. Although in vitro techniques such as instrumental neutron activation 
analysis provide, in general, more precise results, their successful application requires:
(i) the existence or development of appropriate indices or alternatively (ii) the collection 
of biological specimens by biopsy from the organ of interest. 'In Vivo’ body elemental 
composition techniques such as in vivo neutron activation analysis on the other hand 
provide the required information directly and ’non-invasively’.
The main drawback of the application of such techniques is the more limited 
number of body eiements that are measurable. Table 1.1. Furthermore, since the 
measurements are made of the living organs and many of the in vivo techniques 
presently available employ ionising radiation, other factors such as the radiation dose 
imparted to the subject have to be considered.
Although 'in vivo’ techniques such as Nuciear Magnetic Resonance 
spectroscopy/imaging and Bioelectric impedance measurements are thought to be 
radiation 'hazard' free, in vivo neutron activation analysis remains to date, the most 
established in vivo technique for determining many of the body eiements. Table 3.1. 
There exist at least twenty systems world wide. Table 3.2, which perform whole body
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or partial body in vivo neutron activation analysis. The systems vary in complexity 
depending on the type of measurements that they are used for and the precision and 
accuracy sought in a given study.
Since the first ’in vivo’ neutron activation measurements by Anderson and his 
coworkers [AND64], there have been substantial improvements and developments in 
the application of the analytical method. The advances have been the result not only 
of technological improvements in gamma-ray spectroscopy systems and development 
of more flexible neutron irradiation facilities but also of the availability of more accurate 
nuciear data as well as refinements of the measurement techniques, in general the 
challenge for the investigators in the field has been to achieve the required 
measurement sensitivity whilst minimising the radiation doses imparted to the subject.
The in vivo neutron activation facility employed in the present study was 
originaiiy designed and constructed by Matthews and Spyrou, [MAT79],[SPY81b]. 
However, the system was modified by Nicolaou in 1983 and also during the course of 
the present study. Most of the modifications of the facility have been concerned with 
updating of the data acquisition/handling system and improving the radiation shielding 
around the neutron source.
The aim of the study was to investigate the feasibility of performing IVNAA 
without the need for a separate counting site and also to examine the effects on the 
measurement sensitivity of the system modifications made during the present study.
Knowledge of the ’solid angle’ subtended by the ’bare’ or ’collimated’ detector 
at the photon emitting source ( or ’activated’ target ) is an important parameter in a 
variety of experimental situations. The need for the accurate determination of this 
parameter is of great importance specially when ’absolute’ rather than ’relative’ 
measurements are to be made and quantitative results are sought. In measurements 
where use is made of collimated detectors, the effect of photon penetration through 
the edges of the collimator is often roughly estimated or totally ignored. Furthermore, 
the goal of performing In vivo neutron activation analysis as an ’absolute’ method 
[SPY88] requires not only the accurate determination of the solid angle but relies also 
on the knowledge of the ’volume of interaction’ between the ’activated’ target and the
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collimated detector. Where the activated target is ’large’ eg. in in vivo neutron 
activation analysis, and flux cU within the target is non-uniform, quantification 
of the consequent effect of source inhomogeneity on the ’solid angle’ is highly 
desirable.
A Monte Carlo aided Fortran-77 computer programme was therefore developed 
to examine the feasibility of obtaining pre-experimental information regarding the above 
mentioned effects.
Shortly after the commencement of the present study it was realised that the 
lithium drifted germanium detector used for in vivo neutron activation analysis, had 
suffered what was suspected to be ’fast neutron inflicted’ radiation damage. The extent 
of the energy resolution degradation was such that the detector could no longer serve 
as a useful tool in the subsequent measurements. Following assessment of the extent 
and nature of the inflicted damage and given the high cost of commercial repair, it was 
decided to attempt ’on site’ regeneration of the damaged detector.
The ’on site’ detector regeneration was only partially successful and the Ge(Li) 
detector was finally referred to a commercial company where a complete reactivation 
of the crystal was carried out. During the repair period when the detector was not 
available for in vivo neutron activation analysis, the opportunity arose of performing 
measurements of ’photoneutron contamination’ around a high energy medical electron 
accelerator. The measurements of the ’unavoidable’ photoneutrons produced in 
electron accelerators operating at high energies ie. > 10 MeV, was performed using 
’bare’ activation detectors. The aim was to assess the significance of the additional 
dose equivalent imparted to the patient undergoing radiotherapy due to the 
photoneutron contamination both inside and outside of the treatment volume.
CHAPTER 1
IN VIVO ELEMENTAL ANALYSIS USING 
ACTIVATION TECHNIQUES
The significance of the eiemental composition of tissue in 'normal' body 
function, has iong been acknowiedged in medicine and its determination is the aim of 
in vivo activation analysis. Since 1964 when Anderson and his coworkers [AND64] 
reported the measurement of sodium, chiorine and calcium as well as a peak attributed 
to nitrogen following the exposure of subjects to neutrons from a Cockcroft-Walton 
generator, there has been significant progress in the field of In Vivo Neutron Activation 
Analysis, IVNAA. The method has been employed by various centres to provide 
information about body eiemental composition for diagnosis and therapy which in many 
instances wouid otherwise not be available.
As well as IVNAA, techniques such as photonuciear activation analysis. X-ray 
fluorescence and computerised X-ray transmission tomography may be used to 
provide specific information for approximately the same radiation dose. On the other 
hand, techniques such as those employing Nuclear Magnetic Resonance Imaging, 
NMRi, and bioeiectricai impedance determination may prove useful and are free of the 
hazards associated with ionising radiation, [SPY88].
Table 1.1 Isa list of elements for which elemental body composition techniques 
exist or are being developed.
1.1 INTERACTIONS OF INTEREST IN IVNAA
Neutron penetration and interaction in tissue depend not only on the elemental 
composition of the given anatomical organ but aiso on the neutron energy spectrum
1
Table 1.1 Body elements which can be measured by in Vivo Nuclear 
Techniques; or for which techniques are being developed.
BODY ELEMENT STANDARD
(g)*
MAN
(%)*
g
cc
DS
Oxygen
Nitrogen
Caicium
43.000 
1,800
1.000
61
2.6
1.4
111
z Phosphorus 780 1.1
Potassium 140 0.2
z
i
O
CC
Sodium
Chlorine
100
95
0.14
0.12
Cadmium 0.050 7E-5
ii
Hydrogen
Carbon
Iodine
Lead
7.000
16.000 
0.013 
0.12
10
23
2E-5
1.7E-4
Lithium ** 6.7E-4 1.1E-8
CC
O Beryllium 3.6E-5 5E-10
k
X
Magnesium 19 0.027
il
is
Ü  LU 
LU CC 
H  <
Aluminium 
Sulfur 
Silicon 
Iron 
Copper 
Selenium **
0.061
140
18
4.2
0.072
0.013
9E-5
0.20
0.026
0.006
IE-4
2E-7
Silver ** 7.9E-4 1.3E-8
Mercury ** 0.013 2E-7
ICRP Report 23, [ICRP75].
Data quoted from [ICRP75] for Total Soft Tissue.
as well as on the probability of the neutron interaction to occur. Since the neutron 
energies, E„, of interest in IVNAA are usually less than or equal to about 14 MeV, the 
process of neutron spallation ie. where the target nucleus is fragmented and occurs 
for E n greater than about 100 MeV, need not be considered. For the energy range of 
interest, neutron interactions may be divided into three main categories: (i) ineiastic 
scattering; (ii) transmutation and (iii) radiative capture.
The reiative importance of the given interaction is governed by the incident 
neutron energy. In activation anaiysis the foiiowing neutron energy categorisation may 
be given [LAP72]:
(i) Cold neutrons: E„ < 0.002 eV;
(ii) Thermal neutrons*: E^ = 0.0025 eV;
(iii) Slow neutrons: E^ = 0.03 to 100 eV;
(iv) Intermediate neutrons: E^ = 100 eV to 10 keV and
(v) Fast neutrons: E „ > 1 0 k e V .
*
corresponds to a Maxweliian distribution with the most probable energy at 293 K.
1.1.1 Inelastic Scatterino
This type of interaction may be represented by:
A ^+1 A tA A\
I X  + n -  [ I X ] *  -  IX* + n' (1 1 )
z  z  z
A
-* IX  + Y
z
The initial and final constellations in this reaction are identicai eg. ^®Si (n,n'y) ^®Si, but 
the product nucieus is usualiy left in an excited state and subsequentiy decays by the 
emission of a photon ( or a cascade of photons ); with the difference between the 
kinetic energy of the initial and final components being equal to the excitation energy 
of the product nucieus. If however the energy of the emitted neutron is low enough, 
the excitation energy of the nucieus may be sufficient to permit the emission of a
second neutron:
A*^  -^1 ..
[ I A]' -  I X* + 2n' (1-2)
Z z
An example of such a reaction is (n,2n’y) the photon emission is due to the 
de-excitation of the N nucieus.
1.1.2 Transmutation
This type of neutron interaction may be represented by the foiiowing equations:
A  ^+1 ^-3 4
I X + n  -  [ I X ] ’ -  I / +  IWo + O (13)
Z Z Z-2 2
31 D /«  28such as the  ^ P (n,a) AI reaction;
A ^+1 A /M M\
IX  + n -  I I X ] ’ -  I y  + p + O (14)
Z Z Z-1
such as the Ai (n,p) Mg reaction.
The term "O' represents the energy balancing requirement in the process and 
since most transmutation reactions are endothermie ie. Q is negative, the incident 
neutron must be energetic and a ’threshold energy' is usually associated with this type 
of interaction.
1.1.3 Radiative Capture
This mode of neutron Interaction is of particular interest in IVNAA, Table 3.1 ( 
chapter 3 ). The absorption of a neutron by the target nucleus is followed by the 
'prompt' ie.order of lO "*® to 10 "''* seconds, de-excitation of the compound nucieus and 
the subsequent emission of either a single or a cascade of photons; the reaction may 
be represented as:
SU0ISSILU8 ÂBJ-EUJIJUB6 îdUJOJd suoissiLua Abj-blulubB paABiag
o
+ + 
<  N
23
t  
I
t
C
2
3
CD
C
O)
I
8
Ei
CD
1
CL
iF
A A+^  /+1 ,.
I X + n  -  I I >T]* -  I X + Y  + 0  (15 )
z  z  z
Given that the rest mass of the photon is zero, the 'O' value is equal to the 
separation energy of a neutron from the compound nucleus. Since the neutron 
separation energy is always positive, the radiative capture reaction is exoergic and 
neutrons of any energy may be captured. Radiative capture of thermal neutrons 
predominate however, because the absorption probability in the slow neutron energy 
region is usually inversely proportional to the neutron velocity.
Following neutron capture, the neutron rich compound nucleus may be either 
stable, or unstable, in which case it decays with a characteristic half-life generally via 
the emission of an electron. The product of the radioactive decay could be left in an 
excited state in which case de-excitation follows through the emission of photons. If 
intermediate energy levels are present, the de-excitation may occur by the emission 
of a cascade of photons. Fig.1.1 shows schematically the possible decay modes 
following neutron capture by the nucleus ( atomic number Z ) with the compound 
nucleus decaying via the emission of p ' particles.
1.2 NEUTRON SOURCES
Production of neutrons with fluxes and energies suitable for IVNAA is achieved 
by a variety of techniques. Some of the more important criteria for the choice of the 
particular neutron production method include;
(I) The mean energy of neutrons; this not only governs the possible range of elements 
which may be studied but also affects the degree of activating flux uniformity within the 
target volume;
(ii) Dosimetric consideration; the total radiation dose delivered to the patient is not only 
due to the neutrons but may also be due to the photons that could be emitted during 
the neutron production process. It is therefore customary to assess the sensitivity of
the elemental analysis per unit dose received by the patient in a given measurement;
(iii) Photon spectroscopy considerations; the interferences and elevated background 
levels may originate from the neutron source in which case adequate photon shielding 
must be incorporated. If however they are caused by neutron Induced reactions in and 
around the detector, other solutions have to be found eg. using a source which 
produces neutrons of lower energy or incorporation of pre-moderators and neutron 
shielding;
(iv) Neutron flux considerations; it is important that the available neutron flux be at a 
level so as to allow the analysis to be performed in an acceptable time period and 
permit the detection of the shorter lived isotopes, whilst giving the experimenter a 
certain amount of flexibility in the method of analysis;
(v) The cost factor; the cost of operating, servicing and possible replacement of the 
source is of practical importance and may limit the choice of available neutron sources.
The following sections outline the characteristics of some of the more 
commonly used neutron sources in IVNAA.
1.2.1 Neutron Generators
Neutron generators have frequently been used to produce mono-energetic 14 
MeV neutrons [BAT67],[PAL68],[APP72]. It has been shown [SMI62] that the ratio of 
the peak thermal flux density in a phantom per Incident neutron, relative to the ratio 
obtained at 14 MeV, increases monotonically with decreasing incident neutron energy. 
It has also been shown [BAC68] that the energy transfer to matter by neutrons 
increases monotonically with increasing neutron energy. Comparison of the product 
of the two findings for 4.5 MeV and 14 MeV neutrons [GOH73] has Indicated an overall 
advantage factor of about two In favour of 4.5 MeV neutrons. It has been pointed out 
however [BOD74] that the advantage factor Is greatly dependent on the particular 
facility used and the above mentioned finding [GOH73] may not necessarily hold In 
practice.
In comparison to some of the other neutron sources, the higher energy of 
neutrons produced by generators reflect In better thermal flux uniformity within the
target volume.
1.2.2 Accelerators
Cyclotrons and other accelerators have been used by some centres to produce 
neutrons with different spectra. The spectrum obtained Is governed by the energy and 
type of the accelerated particles and also depends on the target characteristics. A 
proton-lithium combination 10 MeV cyclotron which produces neutrons with a mean 
energy of about 2.5 MeV and a maximum energy of about 8 MeV has been used by 
Chamberlain and his coworkers [CHA68a]. Kennedy et al [KEN82] on the other hand, 
have used neutrons with a mean energy of about 6.5 MeV and a maximum energy of 
around 15 MeV produced by a deuterium- beryllium cyclotron. Use of neutrons with 
a mean energy of approximately 10 MeV and a maximum of about 30 MeV produced 
by a  ^He-Be cyclotron, has also been reported [OZB76].
The main draw back of employing cyclotrons lies in their high capital cost 
requirements. However, for those centres which may require cyclotron produced 
isotopes eg. for Positron Emission Tomography, use of this technique for neutron 
production may prove more economically viable.
1.2.3 Pu-Be and Am-Be Isotooic Sources
By mixing an alpha particle emitting radionuclide such as Am, Pu or “^ Ra
with a suitable target material, it is possible to produce neutrons using the (a,n) 
interaction. Although various target materials such as ^®C or Mg may be employed,
beryllium is usually selected since it offers the maximum neutron yield through the
® Be (a,n) ^^C reaction.
The exact characteristics of (a,n) neutron sources depends on the 
manufacturing technique as well as on the choice of the radionuclide and targets used.
Since the predominant energy of the alpha particles emitted by americium (5.486 MeV)
is similar to that of plutonium (5.499 MeV) the neutron spectra from the two neutron
sources are almost Identical. However a major advantage of the Pu-Be source is
that it has less than half the photon dose rate compared to an Am-Be source.
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Since the neutron source incorporated into the irradiation facility used in the 
present study was an Am-Be type source, the full discussion of the source 
characteristics is postponed until section 2.1.2.
1.2.4 ^^^Cf Spontaneous Fission Neutron Source
Various workers have favoured use of this category of neutron sources 
[EVA79],[GUE79],[TOT79]. The mean energy of the neutrons from Cf sources is 
about 2 MeV with a maximum of about 12 MeV. It is mainly due to their relatively low 
average energy that their use in ’whole body' measurements has been infrequent, as 
acceptable flux uniformity cannot easily be achieved even with bilateral Irradiation. Also 
of Importance is the relatively short half-life of the source ie. 2.65 years, which not only 
means high replacement costs but also necessitates more frequent neutron flux 
calibration measurements.
The lower photon dose rate of this type of neutron source may be considered 
as one of its main advantages over Am-Be sources which have about ten times the 
photon dose rate per unit neutron output, [MAT79]
1.2.5 Nuclear Reactors
Use of nuclear reactors as a source of neutrons for IVNAA has been very 
limited [BOD67],[LEN67J. This is mainly because of the small cross sectional area of 
the useful beam, and partly due to the softened fission spectrum making the neutron 
source useful only for 'partial body' analysis. More recently, Chang and Chung have 
described use of a purpose built low-powered mobile reactor facility to produce 
neutrons for 'partial body' IVNAA [CHA87].
1.3 PRINCIPLES OF IVNAA
The main advantage of the method lies in the relatively long attenuation mean 
paths in tissue of both the neutrons and the emitted gamma-rays. Analysis of deep 
seated organs is therefore made possible which may not be studied using other
methods such as X-ray fluorescence. The degree of system complexity and variations 
in the basic techniques are study dependent. The level of precision and sensitivity 
required in a given study and the option of carrying out ’whole’ or ’partial body’ 
measurements is governed by the information sought by the investigator. This in turn 
affects the system complexity and may lead to the system being limited in the range 
of possibie appiications eg. it may be difficult to adapt a whole body in vivo activation 
set up for use in partial body studies.
Whether or not a given element can be measured using the method, depends 
not only on neutron interaction considerations, section 1.1, but also on the gamma-ray 
spectroscopy and geometrical aspects, as well as on the dosimetric limitations. In 
addition, other problems such as interfering reactions, may also affect the outcome of 
a given study. The complexities related with in vivo neutron activation analysis have 
provided the challenge for the investigators in this field, who have sought to obtain 
useful information about a wider range of elements as well as refining the available 
techniques to obtain better precision and sensitivity in their measurements.
1.3.1 Gamma-rav Spectroscopv
1.3.1.1 Detection System
Fig. 1.2 shows the schematic diagram of a typical gamma-ray spectrometer 
used for IVNAA. It consists of the detector and the associated electronics necessary 
for the detection of the characteristic gamma-rays emitted following the neutron 
interactions with the elements of interest, as well as the components which are used 
for signal processing and data storage.
The choice of the detector is dependent on the nature of the investigation and 
is usually governed by a trade off between the required energy resolution and the 
detection efficiency. Presently, the two detector types most frequently employed for 
IVNAA are the Nal(TI) scintillation detectors and the germanium based semiconductor 
type detectors, the most popular of which are the High-Purity Ge and lithium drifted 
germanium, Ge(Li), detectors. Although Nal(TI) detectors have higher photopeak 
efficiencies, typically an order of magnitude higher than germanium detectors, they
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Fig.1.2 A typical gamma-ray spectrometer.
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have considerably inferior energy resolution capabilities. A more detailed discussion 
of the criteria used for the detector choice may be found in section 4.1 of the present 
work and the specific considerations in IVNAA have been reported [CHE84],[COH85].
The information carriers created by the interactions of the incident photons 
within the detector are collected under the influence of an applied voltage provided by 
the High Voltage unit. The resulting signal is often first passed through a pre-amplifier 
circuit which is positioned as close as possible to the detector; the aim is to eliminate 
any capacitance loading which couid result in long cables, in order to achieve a better 
signal to noise ratio.
The pulse generator is used as an optional addition to provide a means of 
testing and monitoring the detection system performance. It may also be used to 
correct for such effects as the 'dead time’ and "pulse pile-up’, [KN079]. The main 
amplifier circuit is used for pulse shaping as well as for signal amplification. By 
reducing the long tail of the pulses received from the pre-amplifier, pulse pile-up is 
reduced whilst the signal amplitude is left unaltered, thus preserving the information 
related to the incident photon energy. Finally, the analogue output from the main 
amplifier is digitised using the ADC circuit within the Multi-Channel Analyzer, MCA, 
circuit and the resulting digital signal is used to increment the contents of the 
appropriate channel of the MCA memory.
Although photon spectra storage may be achieved by different ways, the 
widespread availability of Personal Computers, PC, has now made storage on ’floppy 
disc’ a popular choice, providing the option of fast data transfer to a ’main frame 
computer’ where data analysis may be performed.
The recentiy available PC based MCA cards eg. the EG&G Ortec MCA card 
[EG&G88], may be used to enhance the capabilities of the detection system. The main 
advantage of these units lies in their superior data handling and storage capabilities. 
The ability of the detection system to communicate directly with the host computer may 
be used to perform tasks that could not otherwise be easily carried out.
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1.3.1.2 Geometrical Considerations
The geometrical arrangement between the neutron source, the irradiated target 
and the photon detector, depends on the goals of the study and no general 
configuration exists. Some of the more important considerations however. Include:
(I) The solid angle subtended by the irradiated volume at the detector must be as great 
as possible to maximise the detection of photons of interest;
(ii) The necessary photon collimation of the detector must be provided so as to 
minimise the detection of photons originating outside the volume of interest eg. those 
originating within the neutron source;
(iii) The proper neutron shielding of the detectors must be incorporated not only to 
avoid detector neutron inflicted damage but also to eliminate the photopeaks in the 
spectrum which may originate from the activation of the detection system and
(iv) The neutron beam should be properly collimated so that maximum useful 
information may be obtained per unit dose received by the patient.
Although the geometric optimisation procedure may be aided by computer 
simulation programs, experimental verification of the calculations using ’phantoms’ is 
necessary.
1.3.2 Analvsis of the Photon Spectrum
The general a im , following the acquisition of the photon spectrum, is to assess 
the area of the full energy photopeak of interest, Fig.1.3, and to relate this to the 
concentration of the element of interest within the detection volume, section 1.4. Apart 
from the few exceptional cases where the area is taken as the sum of the number of 
counts in the ’region of interest’. A’, the detected ’signal’, ’S’, is calculated as the total 
area under the photopeak of interest minus the background contribution, ’B’, ie. S = 
A - B. The reason for this approach to the photopeak area determination is the nature 
of the photon energy deposition process within the detector ie. the Compton scattering 
contribution to the background continuum under the photopeak may be significant for 
low intensity signals.
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The setting of the energy window ( region of interest ), may be achieved by 
observing a statistically significant rise and fail in the channel contents at the two sides 
of the photopeak respectively, [KN079]. In cases where the rise or the fall in the 
channel contents is not rapid enough to allow a statistical significance test, the Full 
Width at Tenth fy/laximum Height of the photopeak may be used to set the region of 
interest, [ROB75].
Whether a small peak should be considered as a true signal or a part of the 
background continuum, may also be addressed by considering its statistical 
significance in relation to the underlying background area ie. if S > f.B it may be 
accepted as a true signal [SPY74]. The factor 'f governs the confidence level in this 
test and for f = 1, 2 and 3 the levels of confidence are 68.3%, 95.45% and 99.73%  
respectively. Furthermore, the minimum detectable signal is denoted by S = f.B^^ and 
the statistical precision related to the signal is given by + (S+2B) ^^/S.
Apart from the full energy photopeak, the spectrum often carries other useful 
information. To make full use of the available data such features as the ’photofraction’ 
and single and double escape peaks ( from possible ’pair production’ events within the 
detector ) may also be examined. In multi-elemental studies where many photopeaks 
have to be assessed, use can be made of computer based techniques to save time 
in spectral analysis. Although such analyses can be performed on the raw data, it is 
often a case of employing a fitting method where an analytical function such as a 
Gaussian is fitted to the observed photopeak. To ensure continuity between the 
function and its derivative, exponential tails may be joined to the Gaussian. This 
technique forms the basis of the SAMPO spectrum analysis code ( with modifications 
made by the group at Surrey ), employed in the present study [ROU69]; the 
background determination is achieved by fitting a polynomial to the data.
1.3.3 Interfering Reactions
These may be divided into two general categories: (i) those originating outside 
the volume under Investigation and (ii) those produced by the competing or other 
reactions within the volume of interest.
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The first group of interfering photons may originate from the induced neutron 
activation of the irradiation-detection system construction material eg. activation of the 
detector housing material or the detector crystal, as well as from the activation of the 
tissue other than the organ of interest. They may also originate from the neutron 
source as an unavoidable consequence of the neutron production process. Although 
it is not always possible to totally avoid these interferences, their contribution to the 
collected spectrum can be largely reduced by optimizing the geometrical arrangement 
and the incorporation of adequate neutron and photon shielding. Careful collimation 
of the detector can restrict the solid angle subtended by the irradiated volume at the 
detector face, thus minimizing or eliminating the signals originating from tissue outside 
the organ of interest.
The interferences of the second type however, pose the main problem since 
they cannot be avoided through geometrical considerations eg. measurement of 
nitrogen through the N (n,2n) reaction has been found to be significantly affected 
by the (p,a) interaction, [OXB78],[WIL78b]; correcting for the interference in 
this case may be achieved by determining the in vivo oxygen concentration. Other 
correction techniques for specific interferences include: (I) use of the difference in the 
half-lives of the produced isotopes to separate the signals and (ii) reducing the 
production of the interfering isotope by restricting the energy of the activation inducing 
neutrons eg. when the interfering reaction has a threshold energy and its value is 
greater than the threshold for the reaction of interest, by lowering the incident neutron 
energy the production of the interfering isotopes may be avoided.
1.3.4 Dosimetric Considerations
The absorbed dose by the subject in IVNAA Is due both to the photons and the 
neutrons. In considering the dose equivalent however, an appropriate quality factor 
must be applied to the neutron dose which often makes the neutron contribution the 
dominant component. Although the radiation dose in iVNAA is small, in terms of the 
potential biological effects it is not insignificant [MAT79]. In all measurements the aim 
has been to achieve maximum information whilst keeping the dose delivered to the 
subject as low as possible. The historic trend has therefore been a reduction in the 
reported doses as measurement techniques have been improved. In Surrey for
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example, the facility has been designed so as to alternately measure both the delayed 
and prompt emissions during cyclic activation analysis, thus obtaining the extra, 
usually wasted information, with no additional dose to the patient.
Acknowledging the advantage from the dosimetric point of view, consideration 
has been given to employing lower energy neutrons by many investigators, [COU80]. 
Others have explored use of different neutron sources for reducing the dose levels. 
Replacement of a ^  Pu-Be source by a Cf neutron source in cadmium 
measurements for example, has lead to a reduction by a factor of 1.4 in the dose 
delivered to the subject [M0R81].
The exact dosimetric values vary between different measurements and depend 
on the irradiation facility used as well as the information sought in each case. The 
range of dose levels delivered to the subject in the measurement of some of the body 
elements may be found in chapter 3 of the present study.
1.4 TECHNIQUES FOR IVNAA
The basis of IVNAA is in general, the determination of the body elementai 
concentrations by the detection of emitted gamma-rays following neutron activation of 
the organ of interest. To date there are three major techniques which may be 
employed to determine the levels of elemental concentration using IVNAA:
(i) Analysis making use of 'prompt' gamma-rays;
(ii) Analysis making use of'delayed'gamma-rays and
(iii) Cyclic activation analysis.
The choice of the appropriate technique is study dependent and is mainly 
governed by the characteristics of the element of interest.
1.4.1 IVNAA Using 'Prompt' Gamma-ravs
The spectroscopy of the prompt gamma-rays emitted during neutron activation
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of the element of interest forms the basis of this technique. The corresponding detector 
response is given by the following equation:
D -  N.a.^.l.eJ 0-6)
where N is the number of target nuclei in the elemental mass and is given by:
N = (f.N,.m)/A
with f denoting the isotopic abundance of the isotope of interest, N „ is 
Avogadro's number, m is the elemental mass within the detection volume and 
A is the atomic mass of the isotope of interest; 
a  is the neutron cross section for the reaction of interest; ^ is the activation inducing 
neutron flux; T  is the fractional number of photons emitted per neutron interaction; e 
is the absolute detection efficiency and t is the experimental time ie. irradiation time
t, which in this case is equal to the data collection time t ^ . ( Corrections for neutron 
flux non-uniformity and photon attenuation within the target must also be included 
where necessary ).
The major disadvantages of the technique include:
(i) detection of undesired additional gamma-rays originating outside the volume of 
interest eg. emitted by the neutron source, which may significantly reduce the signal 
to noise ratio of the photopeak of interest;
(ii) since in these studies the detectors are almost always placed in the close vicinity 
of the activated target, the detector shielding from neutrons may constitute additionai 
complications;
(iii) the spectra obtained using the prompt gamma-ray emissions are usually complex, 
due mainly to the large range of possible neutron interactions. To resolve the various 
photopeaks, the technique requires the use of detectors with good energy resolution 
capabilities. Presently this requirement is only met by semiconductor detectors (such 
as Ge(Li) detectors) and unfortunately such detectors have low detection efficiencies 
which reflects in longer experimental times and therefore higher subject doses.
1.4.2 Analvsis Using Delaved Gamma-ravs
This technique relies on the detection of delayed gamma-ray emissions
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following the activation of the sample. The rate of formation of the radioactive nucleus 
is given by:
-  ^ .a .N  -  X.Ng
dt,
where is the number of radioactive nuclei formed; N is the number of target nuclei; 
11 is the duration of the neutron irradiation and X is the decay constant of the 
compound nucleus.
Upon integration and given that N  ^ is equal to zero at t, =0, the equation 
becomes:
W .,„  -  4..0./V. l . [  1 -  ]
To correct for decay during the possible waiting period, t„, between the end of the 
irradiation period and the commencement of data acquisition, the equation is multiplied 
by exp(-X.t„), therefore giving the number of the radioactive nuclei at the start of 
counting as:
/y; -  <|).o.At-i.[ 1 -
X
The correction for the decay during the data acquisition time, t^, is similarly 
made to give the total number of disintegrations between the start and end of the 
counting period as:
n "  -  1 -  1 -  ]
X
Finally considering the fractional gamma-rays emitted per disintegration, T, and
■ . V
the detector absolute efficiency, e, for the photon energy of interest, the detector 
response is given by:
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D -  1 -  1 -  (1.7)
X
1.4.3 Cyclic Activation Analysis
It has been demonstrated that for 'short lived' isotopes, the cyclic activation 
technique yields better results than the conventional delayed gamma-ray method of 
analysis, [KER78],[SPY81a]. The former differs from the latter in that a number of 
successive irradiation counting sequences, n, are performed and the detector response 
per cycle is accumulated in order to improve the signal to noise ratio of the photopeak 
of interest.
A single cycle period, T, comprises the sum of the irradiation period, t ,, the 
delay between the end of irradiation and the commencement of data acquisition, t ^ , 
the counting period, t^, and the time lapsed between the end of the counting and the 
start of the following cycle. The detector response at the end of the first cycle, D , ,  is 
given by equation 1.7 ( D /=  D ). At the end of the second cycle the detector response, 
D 2 , would be due not only to the activity induced in this cycle but also due to the 
residual activity from the first cycle:
-  D.( 1 +
Similarly for the n  ^ cycle:
D„ -  D.( 1 + +...+ )
-  D.
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Fig. 1.5 Variation of induced isotope activation with time during ’cyclic’ activation
analysis.
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The cumulative detector response for n cycles is finally given by:
n
E  D,
/ - I
D. 1
1 -  e -X.T
n -  e -X.T
[ i  -  e -X.T
(1.8)
Fig. 1.4 and Fig.1.5 show schematically, the variation of the activity during 
conventional and cyclic analysis and reflects the basic principle of the two techniques.
The maximum cumulative detector response for a given total experimental time 
T ,=  n.T, occurs when the irradiation and data acquisition periods in a cycle are equal 
and also for the case when the waiting time is zero; the latter condition is not always 
achievable in practice but effort must be made to ensure the shortest possible waiting 
times.
Both the total experimental time and the cycle period can be expressed as the 
multiple of the half-life of the isotope of interest,
7^  - /7. T - ïïl.x^ f2
The detector response variation for the cyclic and conventional cases as a function of 
the total experimental period is shown in Fig.1.6, [SPY79]. Unlike the conventional 
technique where the detector response reaches saturation after irradiation periods of 
ionger than a number of isotopic half-lives, the corresponding detector response for 
the cyclic analysis technique continues to increase for longer total experimental times, 
it has been demonstrated [SPY79] that regardless of the half-life of the isotope of
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Fig.1.6 Variation of ’conventional’ and cyclic signal with total experimental time, for 
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Fig.1.7 Variation of signal and signal to noise ratio as a function of cycle period and 
waiting time, for a fixed total experimental duration [SPY79].
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interest, there exists a totai experimental time beyond which cyclic activation would 
yield a higher detector response than the conventional technique, it has further been 
shown [OZE75] that for short waiting periods and total experimental times greater than 
about five half-lives of the isotope of interest, the cyclic activation techniques should 
be preferred to the conventional method. It is often the case that the total experimental 
time is restricted by the nature of the study eg. restrictions on the dose levels. The 
cumulative detector response can then be maximized by optimising the number of 
cycles. This is achieved by considering the signal to noise ratio for varying cycle 
periods.
Although the background associated with the photopeak of interest is usually 
due to a number of isotopes within the sample matrix, in practice it can be assumed 
that the ’noise’ is mostly due to one isotope and the half-iife of the background may 
then be evaluated [OZE79]. Expressing the half-life of the background isotope as a 
multiple of the half-iife of the isotope of interest:
p  _ t f l /2 
^1/2
for an isotope of interest with a half-life of 10 seconds, a total experimental time of 100 
seconds and assuming a background isotope half-life of 1,000 seconds, Fig.1.7 shows 
the calculated signal and signal to noise ratio variations with the cycle period for 
different waiting times, [SPY79]. Both for the signal and signal to noise ratio there are 
maxima which denote the optimum cycle periods, L. Furthermore, the maxima when 
considering the signal to noise ratio occurs at lower L values than in the cases where 
the signal alone is considered. As expected increasing the waiting times leads to lower 
signal and signal to noise ratio values.
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CHAPTER 2
EXPERIMENTAL ARRANGEMENT FOR IN VIVO NEUTRON
ACTIVATION ANALYSIS
2.1 THE IRRADIATION FACILITY
The irradiation facility employed in the present study was first designed and 
constructed by Matthews and Spyrou in 1976 [MAT79], [SPY81 b]. Although the system 
'fundamentals', such as the neutron source type and the shielding material used, have 
not changed, the facility has been updated and improved over the years by 
subsequent users, [NIC83] and the present worker.
Both the original and updated designs have been mainly influenced by the 
following considerations:
(i) The facility must be capable of being used for prompt, conventional and cyclic 
activation analysis;
(ii) The neutron source movement and removal must be simple and safe from the 
radiation protection point of view;
(iii) The neutron flux at the irradiation position must be as high as achievable to allow 
the analysis to be carried out in a 'reasonable' time period;
(iv) Once the neutron source is moved to the 'shielded' position, the flux at the 
'irradiation' position must be negligible;
(v) The source transport time from the irradiation to shielded position and vice versa 
must be as short as practically possible to allow short 'waiting' times in conventional 
and cyclic activation studies;
(vi) Adequate shielding from neutrons and photons must be incorporated to maintain 
ALARA dose rates around the facility when the neutron source is at the irradiation or
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shielded position;
(vii) The facility must be simple to construct, transport and dismantle, and
(viii) The construction and maintenance of the system must be cost effective to fail 
within the financial capabilities of a wide range of centres.
The following sections describe the irradiation set up in its latest form as used 
in the present study. The updating of the facility has mainly been concerned with 
providing improved radiation shielding and data acquisition/handling facilities.
2.1.1 Description of the irradiation Facilitv
Fig.2.1 shows the lay out of the irradiation facility used in the present study. 
The neutron shielding was mainly achieved by the six water filled plastic tanks 
constructed around the neutron source. The path for the neutron source movement 
between the shielded and the irradiation position was provided by employing a perspex 
tube; the tube was about 1.07 m long with an inner diameter of approximately 50 mm 
and was connected at one end to a plastic pipe which in turn was fed with air pressure 
from the pump. The air pressure supply necessary for driving the air-pump was 
provided by an air compressor via a pneumatic switch which was operated by signals 
received from the 'signal control unit'. The communication between the personal 
computer and the signal control unit was achieved using a serial input/output card; the 
hardware as well as the necessary software for the control of the system will be 
discussed in detail in section 2.5.
Depending on the status imposed on the pneumatic switch, air pressure was 
supplied to the pump to result either in a +ve or -ve pressure gradient within the 
perspex tube. When the pump was used to expel the air, the source was transferred 
to the Irradiation position. However, when it was set up to create a temporary vacuum, 
the source was transferred to the shielded position.
The stop plates at the two ends of the perspex tube were constructed from mild 
steel and to ensure a reduced impact, the source prior to being loaded into the set up 
was placed in a cylindrical nylon container of outer diameter slightly smaller than that 
of the tube. The stop plates had centrally drilled circular holes with diameters slightly 
less than that of the nylon container to allow freedom for the air movement out of the
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perspex tube. The desired source transfer speed was achieved by adjusting the air 
pressure supply to the pump using the air feed valve shown on Fig.2.1.
The position of the source was monitored using the two micro-switches; the 
signals from which were fed into the personal computer for use in subsequent 
controlled sequences.
2.1.2 The Neutron Source
A review of the neutron sources commonly used for in vivo neutron activation 
analysis has been given in section 1.2. The neutron source incorporated in the 
irradiation facility described in the previous section, was an Am-Be isotopic type 
source. The most distinct feature of the source is its exceptionally long half life ie. 
about 433 years. The advantage of using such a slow decaying source is two fold. On 
the one hand, a constant neutron yield over many long periods of time is achieved 
which means that no corrections have to be made for the source decay and on the 
other hand, the eventual necessity of source replacement which is usually a costly 
affair, is considerably delayed.
Table 2.1 is a list of some of the more important parameters of the Am-Be 
neutron source. The high fraction of fast neutrons emitted by the source reflects in 
improved flux uniformity within the irradiated target since neutrons with higher energies 
are able to penetrate deeper inside the sample. Also of importance is the high mean 
energy of the emitted neutrons ie. 4.4 MeV since some reactions of interest in in vivo 
neutron activation analysis have relatively high reaction threshold energies eg. P 
(n,a) AI ( reaction threshold energy = 2.01 MeV ).
The main disadvantage of the Am-Be source is its much higher photon dose 
rate eg. about ten times higher than from a^“ Cf source of the same neutron emission 
rate. ( The radiation protection considerations of the Irradiation facility are outlined in 
section 2.2 ).
The source was manufactured from a compacted mixture of americium dioxide 
and beryllium metal which was doubly encapsulated in welded stainless steel, Fig.2.2.
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Table 2.1 Parameters of the Am-Be neutron source 
[AMR82].
Half-life 433 years
f^ode of Decay a (100%)
Activity 1.85 X 10^  ^ Bq
Neutron Emission -  59.5 n s'TMBq'^
Mean Low Neutron 400 keV
Energy
Mean High Neutron 4.4 MeV
Energy
Fraction of Neutrons 23%
below 1.5 MeV
Photon Emissions per 0.7 at 4.43 MeV from
Neutron (a,n)
6 X 10® at 60 keV from
Am
Neutron Dose Rate at 110 |iSv hr'^
1 m
Photon Dose Rate at 125p.Svhr*’
1 m
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The overall size of the cylindrical source was 30 mm diameter by 60 mm length.
Fig.2.3 shows the energy spectrum of an Am-Be source as reported by 
[LOR73]. The spectral shape is governed by the three available states in following 
the ®Be (a,n) reaction ie. ground, 4.43 and 7.65 MeV levels. Although the three 
peaks observed in the spectrum have been predicted by the calculations of such 
workers as [AND63] and experimental verifications have been reported by others 
[GEI70], the spectra obtained in practice are critically dependent on the source 
fabrication technique and dimensions eg. the AmOg and Be powder particle size and 
distribution. Therefore quantitative comparisons may only be made between identically 
fabricated sources of the same dimensions.
The region between 3 MeV and 4.5 MeV in the gamma-ray spectroscopy 
studies have been reported to be screened by the 4.43 MeV gamma-ray emissions 
following the de-excitation and the related single and double escape peaks, 
[SHA73] and [SPY81b]. Examinations of the energy region above 4.5 MeV by the 
same workers however, has been shown to be free of source emitted photopeaks, 
suggesting the infrequency of the transition of to its second excited state. Also 
emitted by the source are the 60 and 103 keV photons which result from the de­
excitation of ®^^ Np following the decay of Am; the low energy of these photons 
however means that they can be shielded against with relative ease.
2.2 RADIATION PROTECTION CONSIDERATIONS
The radiation protection requirements around the neutron source were 
addressed not only by the incorporation of the appropriate shielding material but also 
by the consequent creation of a physical barrier ie. the water tanks, so that the 
experimenter would be unable to get close to the neutron source.
Although it was inevitable that some radiation dose would be received by the 
persons working around the facility, in order to satisfy the radiation protection 
regulations and requirements an assessment of the dose rates around the set up was 
undertaken by the present worker.
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The difference in the nature of the two radiation types contributing to the total 
dose rates ie. neutrons and photons, necessitated the incorporation of different 
shielding arrangements around the source. Due to the difference in the relative 
biological effectiveness of the two radiation types, the dose rate evaluations were 
performed separately.
2.2.1 The Neutron Related Dose Rate
Matthews [MAT79] carried out the preliminary neutron dose rate estimations 
around the irradiation facility using a 'one-velocity-group' calculation method. However, 
the modifications of the original experimental set up over the past years necessitated 
the re-estimation of the neutron dose rates in the vicinity of the source. Monte Carlo 
based techniques eg. the MORSE Code [MOR89], may be used to calculate the dose 
rates with good accuracy. Since the code had not yet been implemented when the 
present study was being carried out, the following approximate estimation of the fast 
and thermal neutron dose rates was conducted.
2.2.1.1 Fast Neutrons
The energy of all the emitted neutrons for the purpose of these calculations 
was assumed to be 8 MeV. Since the average energy of the neutrons in the real case 
was thought to be about 4.4 MeV, Table 2.1, the calculated dose rate values would 
then represent a conservative estimation of the true case. The flux of 8 MeV neutrons 
at a distance r from a point source is given by:
. , { TOTAL EM ISSIO N FATE ) .ex£>{-Jl t - r )
4 > x l e « . v - — — ------------ ---------------------------- ----------
where Z ^  represents the macroscopic removal cross section which was calculated 
(using the mixture rule) to be equal to about 0.110 cm;  ^ for 8 MeV neutrons in water.
Given that the total emission rate of the source was 1.1 x 10^ neutrons per 
second, the flux of 8 MeV neutrons after 30 cm of water ie. for the water surface in the 
vertical direction, was calculated to be about 36 neutrons cm '^s'^. The corresponding 
dose equivalent rate due to fast neutrons was calculated using the conversion factor
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for a broad 10 MeV neutron beam as given by [CR085] and was estimated to be 
about 54 pSv hr ' \  Similar calculations for the water surface on the horizontal plane 
where at least 75 cm of water was present yielded an 8 MeV neutron flux of less than 
0.05 neutrons cm s and a fast neutron dose equivalent of less than 0.1 |iSv hr ' \
2.2.1.2 Thermal Neutrons
The number of collisions needed to slow down a neutron with an initial energy 
of E g to an energy of E * is given by [KAP63]:
ln ( E ^ /  E , )n - Au
where:
2 . A { A -  1 )
is the average lethargy loss by a neutron in collision with a nucleus of atomic mass 
number A.
In slowing down from 8 MeV to 0.025 eV ie. thermalization, it was calculated 
that the average number of collisions required was 20 in hydrogen and 164 in oxygen. 
However in water where there are two hydrogen atoms for every oxygen atom, a value 
of 30 was chosen as a reasonable estimate of the number of required collisions to 
thermalize 8 MeV neutron.
The translation of the number of collisions to the distance travelled by a neutron 
in slowing down was achieved by considering the mean path length, L between 
collisions. is given by:
L „ -  f  L . P i D . d L -
"'ft ^ t
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where p{L}.dL is the probability of a collision between L and L + dL and is calculated 
as:
P{L} .dL -  exp[ -S  t-.L ] .S
and Z( is the macroscopic cross section ie. the probability per unit length travelled by 
a neutron in the medium for an interaction to occur.
Since the value of was found to vary between 9.1 cm at 8 MeV and 0.18 
cm at 0.025 eV, it was thought reasonable to choose the average value as 3 cm; 
therefore the distance travelled by a neutron in thermalising from 8 MeV in water was 
estimated to be about 90 cm. Considering that neutrons follow random paths in 
slowing down, it was thought acceptable to assume that they would not travel more 
than 20 cm in any given direction from the point of the initial interaction. Therefore it 
can be assumed that all neutrons are thermalised within this distance apart from those 
8 MeV neutrons which undergo collision for the first time in the last few centimetres 
from the water surface.
The mean distance travelled in water of thermal neutrons before capture was 
calculated ( using the mixture rule ) to be about 90 cm. Given the random nature of 
the scattering angle, it can be assumed that these neutrons would not travel more than 
about 10 cm in any particular direction.
Finally, as a conservative estimate, the thermal neutron flux at the tank surface 
was assumed to be the same as the flux of 8 MeV neutrons at a distance of 10 cm 
from the tank surface. Adopting the conversion factor from [CR085], the dose 
equivalent rate due to thermal neutrons at the tank surface on the horizontal plane was 
calculated to be less than 0.01 \iSy h r '\
Fig.2.4 shows a scaled drawing of the room, the irradiation facility and the 
measured dose rate values. The values shown on the diagram were measured at a 
height of 80 cm from the floor ie. the plane of the neutron source, using a NE2000 
neutron monitor and with the source at its resting position. Fig.2.5 on the other hand 
shows the corresponding neutron dose rates with the source at the irradiation position.
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Fig.2.5 Neutron^dose rate survey around the facility with the source at the irradiation 
position .
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Fig.2.7 Gamma-ray dose rate survey around the facility with the source at the irradiation 
position .
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2.2.2 The Dose Rate Due to Photons
The photon dose rate around the irradiation facility was thought to be primarily 
due to the 60 keV and 4.4 MeV photons emitted by the source and also the 2.22 MeV 
gamma-rays arising from the neutron capture in the hydrogen present in the water 
tanks.
The above mentioned source-emitted photons were calculated to be attenuated 
by about 100 per cent and 93 per cent in traversing the 75 cm water shielding 
respectively, leaving the 2.22 MeV photons as the dominant component of the photon 
dose rate.
Although the 2.22 MeV photons may originate anywhere within the water tanks, 
to simplify the dose rate calculations it was assumed that all the 2.22 MeV photons 
were emitted from the same point. The shielding around this point was then adjusted 
to be a reduced length of water. It was thought reasonable to assume a length of 15 
cm, which would yield a conservative estimate of the gamma-ray dose rate. Assuming 
that all the source emitted neutrons were absorbed by the shielding material, the 
contribution of the 2.22 MeV photons to the total dose rate at the tank surface was 
estimated to be 1.5 |xSv hr
Fig.2.6 and Fig.2.7 show the results of the photon dose rate survey around the 
irradiation facility as measured using a NE2601 low level radiation monitor when the 
neutron source was at its resting and irradiation positions respectively.
2.3 NEUTRON FLUX DISTRIBUTION AT THE IRRADIATION POSITION
The general spectral shape of the emitted neutrons from the Am-Be source 
has been discussed in section 2.1.2 . In an infinite medium, the neutrons are either 
absorbed or slowed down by collisions with the 'moderating’ atoms. Therefore a 
spectrum of neutrons may exist which covers a very wide energy range ie. from about 
8 MeV to 0.025 eV.
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In performing irradiation experiments, detailed knowledge of the neutron 
spectrum may be required; however in some cases simple assumptions about the 
neutron spectrum could be sufficient to allow the analysis to be carried out. If the 
medium is assumed to be infinite in dimensions and also non-absorbing, the neutrons 
are moderated until they reach thermal equilibrium with the atoms of the medium and 
have an average energy of approximately 0.025 eV at room temperature (20.44 °C). 
The neutron energy spectrum then becomes a Maxwellian distribution and the neutron 
density as a function of velocity is given by, [IAEA70]:
where m is the neutron mass; k is the Boltzmann constant; T is the absolute 
temperature of the medium and
n -  j* n{ v) . dv
is the total neutron density.
The neutron flux as a function of energy on the other hand is given by: 
where:
m
(|) U. -  I  *  (B) .d £
The most probable neutron velocity can be derived as:
'.- /P F T
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which corresponds to an energy of:
. / n .  2 -  k . T
The ’conventional’ thermal neutron flux is defined as the product of the most 
probable neutron velocity, v^, and the total thermal neutron density, n,f,. v^ is taken 
as 2200 m s '^  since this is the most probable velocity of a Maxwellian density 
distribution at 20.44 °C  and corresponds to an energy of 0.025 eV. The cross sections 
that must be used in the conventional flux determinations, g ,^ are the ones at 0.025 
eV and are well tabulated in the literature, eg. [IAEA87].
The original assumptions of ’medium infinity’ and the absence of neutron 
absorbtion are never satisfied in practice. Where the medium dimensions are finite, 
there would be a ’softening’ of the spectrum since fast neutrons would have a better 
chance of ’leaking’ from the medium; the effect of neutron absorption on the other 
hand is the ’hardening’ of the spectrum since neutron capture cross section usually 
increases as the reciprocal of the neutron velocity.
2.3.1 Cadmium Ratio
The induced activity in an ’activation foil’ such as gold or indium is not only 
caused by thermal neutrons but is also partly brought about by ’intermediate neutrons’. 
To distinguish between the thermal and epi-thermal neutrons, the activation foil is often 
used in conjunction with a cadmium cover. At a certain thickness of the cadmium 
(about 0.75 mm) nearly all the neutrons of energies below the cadmium cut off ie. 
about 0.55 eV, are absorbed. Neutrons of energies above the cadmium cutoff on the 
other hand pass through the Cd without appreciable capture.
The method requires the activation of the ’bare’ detector, where both the 
thermal and epi-thermal neutrons cause the induced activity, followed by the activation 
of the cadmium covered detector, where the induced activity is assumed to be caused 
only by the epi-thermal neutrons ie. neutrons of energy greater than the Cd cutoff. 
The Cadmium Ratio, Rg ,^ is then defined as the ratio of the detector response without
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cadmium cover to the detector response with cadmium cover.
The cadmium cutoff energy, E is governed not only by the form and 
dimensions of the cadmium box but also depends on the angular and spectral 
distribution of the neutrons as well as on the absorption cross section and the 
geometrical shape of the detector. It is possible however, by making certain 
assumptions ie. assuming a 1/v absorber characteristic and isotropicity of the neutron 
emissions, to calculate the cadmium cutoff energy [DAY57]. The original definition of 
the conventional thermal neutron flux is then modified as:
4 > o ’ ^ c d - V o
where n is the total neutron density in the energy range from zero to E co­
writing the reaction rate as:
E2
A oc f  ^ (E) .a iE) .
E l
dE
the cadmium ration is given by:
cd
T o t
E p i
where A-roj is the reaction rate of the bare detector and Ap^ is the reaction rate of theEpi
cadmium covered detector. 
Therefore:
T o t '
Cd
and finally the sub-cadmium activity induced in a detector for an irradiation period of 
t, is given by:
A  T o t '
-Rçy -  1 
Red
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where N is the number of nuclei of interest in the detector and  ^ is the mean sub­
cadmium flux density in the detector.
2.3.2 Correction Factors
Both for the thermal and epi-thermal neutron flux measurements using 
activation detectors such as gold foils, it is essential to make the necessary corrections 
if reasonably accurate results are to be achieved, especially for: (I) the self-shielding 
effects, (ii) the flux depression and (iii) the foil edge effect.
2.3.2.1 Self-Shielding Corrections
The self-shielding effect is attributed to the fact that the outer layers of an 
absorbing foil reduces the neutron flux irradiating the interior of the foil; therefore the 
average ’activity inducing flux’ within the foil is less than that at the surface, Fig.2.8. 
The effect may be significant not only at the energies of large resonances but also at 
the thermal energy range if the absorption cross section is high.
Referring to Fig.2.8 the self-shielding correction factor is simply given by:
Assuming that an isotropic and mono-energetic neutron flux is used to induce the 
activity in a purely absorbing bare foil placed within a cavity, the self-shielding 
correction factor for thermal neutrons is given by [RIT60]:
where t  is the thickness of the foil in mean free paths and E 3 (x) is the third order 
exponential integral. Helm [HEL63] has shown that the self-shielding correction factor 
may be determined to an accuracy of better than 1 per cent by setting:
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1 „ , \  J T — -  .T ( 0 . 9228 -  In T ) fo r  t < 0 . 1
3  ^ T < 2
^ 0 . 5  f o r  T > 3 . 5
( For the range 0.1 < x < 3.5 intermediate values have been tabulated by the same 
worker ).
For epi-thermal neutrons using gold foils on the other hand, the following has 
been given as an approximation for the self-shielding correction factor [IAEA70]:
-  a + Jb. ( S /M  ) 1/2
where:
a -  0 .0273 ± 0 . 0012 ;
Jb •  0 . 0541  ± 0 .0004 [ ff  c m ;
S is the foil surface area ( cm  ^) and M is the foil mass ( g ) and is valid for:
1 . 5  ^  ( S / M)   ^ 5
2.3.2.2 The Flux Depression Correction Factor
This effect is attributed to the fact that the absorption of the neutrons within the 
activation detector leads to a reduction of the flux in the neighbourhood of the foil, 
Fig.2.8. The factor describing this effect is defined as:
where (j) s is the fiux at the foil surface «and (J> o is the flux prior to the insertion of the 
foil.
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Fig.2.8 Flux depression and self-shielding effects around the activation foil.
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Fig.2.9 Schematic diagram of the water phantom used in neutron flux measurements.
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The flux depression effect is mainly significant in the thermal neutron energy 
range since in passing through the foil, the absorbed neutrons are not available to 
diffuse back into it. Judd [JUD63] has shown that the effect is negligible in the region 
of resonance energies; a neutron which is not absorbed in the resonance as it passes 
through the foil would not be available for absorption through a second time since this 
would require at least one scattering collision, thus removing it from the resonance 
energy range.
Assuming a mono-energetic neutron flux, for a purely absorbing thin disc­
shaped foil in a large isotropically scattering medium, the flux depression factor may 
be given by:
H -
[ 1 / 2  -  E^{  X ) 3 /  T 
1 + [ 1/2  -  E , (  T ) ]
where y = Eg / Zp  the ratio of the scattering to total macroscopic cross section; g{y,x} 
is a function governed by the foil parameters and the medium in which it is placed.
For a foil of radius R, Helm [HEL63] has reported the following simplified 
calculation of g(y,x}:
g {y. t}  -  c { ^ } . s  -  K
where L is the diffusion length ;
k L
with:
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s  {x} -  '
0 .4 2 4 X  -  0 .1 2 5 x 2  + 0 .0 2 8 x 2
1 -  1 . 2 7 3 _1
X
fo r  X < 1
fo r  X  > 3
where x = 2R/L and:
ir {x ,y }  -  8 . Y.  ^ ^ t x , l }
where:
K { x , D
0 . 1 5
0 . 1 1 5 X
f o r  X  > 1 
f o r  X  < 1
2.3.2.3 The Foil Edge Effect
In evaluating the self-absorption and flux depression correction factors using 
the method outlined in the previous section, it has been assumed that the radius of the 
foil is large compared to its thickness. Therefore the extra foil activation due to the 
neutrons entering through the edges of the foil has been neglected.
Hanna [HAN63] has developed the following approximation for the extra activity 
induced in a disc-shaped foil of radius R and thickness t by mono-energetic isotropic 
neutrons:
c - 1 /2  -  E , ( t ) '
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and he has shown that as long as the foil is not too thick, the expression yields 
answers which are good enough for use in most applications.
2.3.3 Neutron Flux and Cadmium Ratio Distribution within the Water Phantom
The flux measurements within the water phantom, Fig.2.9, were performed 
using 9 mm diameter gold foils with masses of about 0.6 g. The 'cadmium covered’ 
measurements were performed by placing the gold foils in cadmium boxes with 
thicknesses of about 0.5 mm. The activation detectors were irradiated for about 72 
hours and the induced activities were measured using the 411 keV (100 %) emissions 
from the Au (n,y) Au reaction. A Ge(Li) semiconductor detector with a diameter 
of 38 mm and thickness of 37 mm was used in conjunction with an automated sample 
handling system to record the corresponding data. The collected spectra were then 
transferred to the University’s main frame computer and the area under the photopeak 
of interest was evaluated using the SAMPO [ROU69] program, section 1.3.2.
The correction factors were calculated using the procedure outlined in section
2.3.2 and the neutron flux values were then evaluated using the well known activation 
equation. Equation 1.7. The cadmium ratio values were deduced using the method 
outlined in section 2.3.1.
Fig .2.10(a) and (b) show the variation along the neutron source axis of the 
thermal, ^ and epi-thermal, ^ p^j, neutron fluxes with depth in the water phantom. 
Fig.2.10(c) shows the corresponding variation of the Cadmium Ratio, Red. within the 
phantom. Fig.2.11(a), (b) and (c) on the other hand show the variation, on the plane 
perpendicular to the neutron source axis, of (|) ,^ (j) p^, and R cd at a depth of 3 mm.
It is evident from Fig.2.10(a) and (b) that both ^ and (j) @p, fall rapidly with depth 
in phantom. Therefore to obtain maximum information from a given experimental 
arrangement, it is important that the detector should view the activated volume closest 
to the neutron source ie. the least depth, since this volume would contain the highest 
induced reaction rate. It must be noted however that other factors such as the 
detection of the source emitted photons could influence the signal to noise ratio of the 
photopeak of interest and thus determine the degree of success of a given study. Use
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of a Monte Carlo aided program in conjunction with experimental verification to 
determine the optimal geometrical arrangement is therefore highly recommended.
2.4 PHOTON DETECTORS
The in vivo neutron activation analysis system used in the present study 
employed a lithium drifted germanium detector, Ge(Li), as well as a sodium iodide 
thallium doped scintillation detector, Nal(Ti). The characteristics of the two detector 
types have been addressed exhaustively by many workers and a comprehensive 
discussion may be found in [KN079]. The choice of the detector used is study 
dependent and a discussion of the criteria involved in the decision making process is 
given in section 4.1 of the present work.
The Ge(Li) detector used in the present study was a coaxial p-i-n type detector 
with an efficiency of about 13 per cent ( relative to the 76.2 mm diameter by 76.2 mm 
thick Nal(TI) detector ) at the 1332 keV gamma-ray energy of a ®°Co point reference 
source, as measured at a distance of 250 mm from the detector face.
The intrinsic photopeak efficiency of the Nal(TI) detector, ( defined as the ratio 
of the number of the photons detected to the number of the photons falling on the 
detector ), at the 1332 keV gamma-ray energy of a ®°Co point reference source as 
measured at a distance of 250 mm from the detector face was found to be about 22 
+1  per cent.
2.4.1 Shielding from Neutrons
The exposure of detectors to neutrons cannot only cause the creation of 
undesirable photopeaks in the collected spectra [BUN74] but can also induce severe 
detector performance degradation. The Ge(Li) detector is more susceptible to neutron 
inflicted damage than the Nal(TI) detector, indeed, shortly after the commencement 
of the present study it was noted that the Ge(Li) detector had suffered ’notable’ fast 
neutron inflicted damage and the subsequent energy resolution degradation deemed 
the detector unusable for the intended multi-eiemental studies. Chapter 4 of the
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present work has been allocated solely to the discussion of this problem.
Lithium carbonate powder was used as the main means of shielding the
detectors from neutrons. Natural lithium contains 7.42 per cent of the isotope ® Li which
is the oniy real contributor to the macroscopic capture cross section of the material due
its high cross section of the (n,a) reaction ie. 953 barns. The iithium carbonate neutron 
shields were constructed by placing the powder in plastic bags and also a cylindrical
perspex container. The geometrical arrangement of the shields around the detectors
is shown in Fig.2.12. The lithium carbonate filled perspex cylinder, as well as shielding
against the neutrons also attenuates any useful gamma-rays originating from the
phantom. The degree of gamma-ray attenuation can be estimated from the knowledge
of its energy and using the appropriate ( tabulated ) attenuation coefficients. It was
calculated that the attenuation coefficient of the shielding material was approximately
7x10'^ mm and 5x10 ^  mm for 500 keV and 1 MeV gamma-rays respectively.
Therefore the thickness of the shielding used was governed by a compromise between
maximising the neutron attenuation and minimising the attenuation of the useful
gamma-rays.
In conjunction with the lithium carbonate shields, a boron loaded clay 
construction was placed around the perspex tube at the source irradiation position, 
Fig.2.12. The very high cross section ie. 3837 barns of B for the (n,a) reaction 
provides not only an additional neutron shield to protect the detectors but also creates 
partial neutron collimation thus reducing the neutron dose received by the subject 
during subsequent exposures. The disadvantage of using this arrangement however, 
is the possible introduction into the collected spectra of a significant, ’Doppler 
broadened' photopeak with an energy of 477 keV. This may cause a reduction in the 
signal to noise ratio for photopeaks of interest with energies below 477 keV during 
prompt activation analysis by contributing to the underlying background areas.
2.4.2 Shielding from Photons
The need for the adequate photon shielding of the detectors arises from two 
main requirements:
(i) The amount of photons incident on the detectors which originate outside the volume 
of interest must be minimised in order to achieve optimum signal to noise ratios for the
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useful photopeaks. The ’unwanted’ photons include those emitted by the neutron 
source and also the ones which result from the activation of the eiements that are not 
within the volume of interest eg. gamma-rays emitted as a result of the induced activity 
within the ’stop plate’. The problem would be specially significant in ’prompt’ neutron 
activation studies.
(ii) To quantify the volume of interaction ie. that volume of the activated sample which 
is viewed by the detector, and to estimate the solid angle subtended by the activated 
target at the detector, it was necessary to collimate the detectors.
Both for photon shielding and collimation the material chosen was lead since 
it has a very high photon attenuation coefficient and is a relatively low cost material. 
Fig.2.12 shows the geometrical arrangement which was employed to achieve the 
above mentioned requirements.
2.5 CONTROL OF THE NEUTRON ACTIVATION FACILITY
it was intended that the irradiation facility would be used not only for 
’conventional’ in vivo neutron activation analysis but should also have the capability 
for carrying out simultaneous ’prompt’ and ’cyclic’ activation analysis, it was therefore 
necessary to devise a flexible control system for the set up.
In cyclic activation analysis, the irradiation of the sample is followed by the 
measurement of the induced activity and the process which constitutes one cycle, is 
repeated for a number of times, n, until the full spectrum is collected. In addition, 
during the irradiation period in a given cycle, ’prompt’ gamma-rays are also emitted 
from the irradiated target. Using a second detection system it is possible to collect the 
corresponding spectrum. The extra information is obtained with no further increases 
of the total experimental time or the amount of dose received by the subject.
The timing parameters for the prompt-cyclic procedure are:
(i) The irradiation time per cycle, t ,, during which data is collected for the ’prompt’
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analysis;
(ii) The counting time per cycle, t^, during which data acquisition for the ’delayed’ 
emissions is performed;
(iii) The time taken for the transport of the neutron source from the shielded to the 
irradiation position, t^ and the time lapsed as it returns to the shielded position, t^. It 
has been found by measuring the source transport time that t^ is approximately equal 
to t^  and will therefore be denoted by t^ .
The theory of cyclic activation analysis, section 1.4.3, requires that t, must be 
set equal to t^for optimal results and t^  must be made as short as possible. In practice 
however, these conditions may be difficult to meet and care must be taken to optimize 
the parameters when designing the control system. Typical irradiation and counting 
times are of the order of 10 seconds for half lives of about 15 to 20 seconds; they can 
however be as small as 1 to 2 seconds for faster decaying isotopes. Also, it might be 
desirable to store the spectrum after the completion of each cycle rather than the 
overall accumulated spectrum.
in view of the accuracy required in the timing parameters and to make the 
system characteristics as flexible as possible, it was decided that the control of the 
irradiation facility would be more efficiently accomplished by employing a computer 
based system.
2.5.1 Control Svstem ’Hardware’ and ’Software’
The control system was based around an Amstrad 1640 Personal Computer, 
Fig.2.13, which served as:
(i) the ’host’ for an input/output serial card. The I/O card was used to send signals to 
and receive signals from the irradiation system controlling the movements of the 
source. It was also used to control the ’gating’ signal sent to the prompt activation 
detection system ie. during the irradiation period the gating signal was set to ’high’;
(ii) the interface with a Personal Computer based multi-channel analyzer card. The 
EG&G Ortec Multichannel Analyzer which was a hardware/software package, had a 
Z80A micro-processor, an ADC and 4K channels of data memory. A ’mailbox’ system
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Fig.2.13 The control system ’hardware’.
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allowed direct communication between the MCA and the Amstrad PC, thus allowing 
rapid spectrum storage on to the hard disk or floppy disks.
The basic tasks that have to be performed for the efficient control of the 
irradiation facility, are as follows:
(i) Prompted by a signal sent from the I/O card, the neutron source which is originally 
at its shielded position is transported to the irradiation position;
(ii) Once the source reaches the irradiation position, a signal from the micro-switch 
SW1 is received by the i/0  card. The arrival of this signal is used to prompt the clock 
for the irradiation period, t,, and also to set the gate of the prompt activation detection 
system to allow data acquisition;
(iii) After t, has lapsed, a second signal from the I/O card prompts the transport of the 
neutron source back to its shielded position. The signal from SW1 goes 'low' as soon 
as the source moves away from the irradiation position, thus terminating the acquisition 
period of the prompt activation detection system;
(iv) Once the neutron source reaches the shielded position, the signal from the second 
micro-switch SW2 is set 'high'. This signal is used to prompt the start of the clock for 
the counting period, t<., and also for initiating the cyclic activation detection system to 
acquire data from the delayed emissions;
(v) The end of the counting period indicates the completion of one cycle and the 
procedure is repeated ie. back to task (i), for n number of cycles as pre-determined 
by the experimental requirements;
(vi) Finally, once the full spectra from both the cyclic and prompt activation detection 
systems are collected, the data are stored on disk for subsequent analysis.
To perform the above tasks, a program ( in C language ) was developed and 
implemented on the Personal Computer, the flow diagram of which is given in Fig.2.14.
2.5.1.1 The Input/Output Card
The communication between the 'neutron source movement control system' 
and the Personal Computer was achieved by employing an 8255 Input/Output card. 
The I/O card had 48 available lines and 3 independent 16 bit counters each with a
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Fig.2.14 Flow diagram of the control system ’software’.
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count rate of up to 2 MHz. Flg.2.15 shows the block diagram of the device.
Since no 'handshaking' was required, the basic I/O configuration was selected 
which provided the simple input and output requirements for each port. By 'writing' 
83hex to the port one control register, the A and B ports were reserved for output and 
input signals respectively. The five volt signals could then be sent or received on any 
of the bits of these ports.
2.5.1.2 The Multi-Channel Analyzer Card
The communication between the EG&G Ortec MCA Card and the Personai 
Computer was achieved through the 'mailbox' of the MCA card. The operation of the 
mailbox can be summarised as foliows:
A 'message', such as the command to start data acquisition, is placed at 
043hex in page D of the memory and at every fourth byte until it is completed 
(including <CR> and <LF>). The message length is placed at 03Bhex of page D. Once 
the MCA accepts the command, the location 03hex is set to 0 and can therefore be 
used by the program to check the success or failure of any communication sequence.
A wide range of the commands that can be used to control the operation of the 
MCA exist and are weil documented in the EG&G Ortec MCA operators manual 
[EG&G88].
2.5.2 Accuracv of the Timing Parameters
Assessment of the performance of the prompt-cyclic activation analysis facility 
can oniy be made if the timing parameters are well estimated, especially when the 
half-life of the isotope of Interest is short relative to the accuracy to within which t,, 
tc and t  ^may be determined.
The transport time of the neutron source along the perspex tube, t ^  was not 
constant and was dependent on factors such as:
(i) The air pressure supply to the pump;
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(Ii) The response time of the pneumatic switch to the signal received from the control 
panel;
(iii) The friction between the nylon source container and the perspex tube walls; (this 
was not constant since with time, ’dirt’ could accumulate on the inner tube walls and 
also the diameter of perspex tube could vary with varying room temperature).
Experimental determination revealed average t ^  values of 0.5 + 0.1 seconds. 
However, the incorporation of micro-switches on the air-pump ie. SW1 and SW2, 
insured that t , and t  ^ could be determined more accurately. It was found 
experimentally, that they could be determined to better than 10 ms, giving an error of 
less than 1 per cent for t , =  t^ = 1 second. ( Both of these timing parameters are 
determined in ’real time’ and therefore detector ’dead time’ corrections must be made 
separately when and if the necessity arises ).
The data storage time was in the order of 2 to 3 seconds, thus making 
successive cyclic spectrum recording possible only for t, and t^ greater than about 3 
seconds. It was possible however to reduce this time by decreasing the number of the 
recorded channels ie. by restricting the spectrum to the more ’important’ regions of 
interest.
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CHAPTER 3
IN VIVO NEUTRON ACTIVATION ANALYSIS
3.1 INTRODUCTION
Ever since the first in vivo detection of sodium in accidentaliy neutron exposed 
subjects [HUR59],[HUR61] and the pioneering study of Anderson and his coworkers 
which was reported in Lancet 1964 [AND64], In Vivo Neutron Activation Analysis, 
IVNAA, has evolved through the years and is today considered to be one of the most 
important body composition analysis techniques. The determination of body elements 
using IVNAA is mainly through 'radiative capture' or ’transmutation’ neutron 
interactions, (sections 1.1.3 and 1.1.2). Table 3.1 is a summary of elements for which 
IVNAA techniques exist or are being developed.
A recent report by an Advisory Group to the International Atomic Energy 
Agency, IAEA, has indicated the existence of at least twenty centres of IVNAA where 
the techniques of analysis are established or are being developed. Table 3.2, [COH85]. 
Of these the majority are either United Kingdom based ( 9 centres ) or are North 
American facilities ( 4 in U.S.A. and one in Toronto, Canada ).
Although IVNAA is considered as the ’gold standard’ in composition studies, 
mainly because it provides an ’absolute’ measure of several basic body elements, the 
goal of achieving better measurement sensitivities whilst minimising the doses 
imparted to the subject, has provided the main challenge to the investigators in the 
field. Multi-elemental IVNAA techniques where more than one element can be 
simultaneously investigated using either ’delayed’ or ’prompt’ gamma-ray emissions 
have been developed, [SHA83]. Also, the aim of obtaining maximum Information for 
a given neutron dose imparted to the subject has lead to the development of a unique 
method by Spyrou and his group where ’prompt’ and ’delayed’ gamma-rays are
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Table 3.1 Elements for which IVNAA techniques exist or are being developed; listed 
in the order of appearance in Table 1.1.
Element Reaction Energy of the 
emitted radiation 
(keV)
Half-life
Oxygen ^®0(n,p)^®N 6134 7.2 s
'=0(n ,-y)"0 197
1357
29 S
Nitrogen ’"N (n,")^  ’®N 10829 prompt
(n,2n) N 511 9.96 m
’"N (p ,a )’ 'C 511 20.3 m
Calcium ^®Ca(n,Y)^^Ca 3084 8.72 m
'‘°Ca (n,a) ^^Ar 2.6 ( Cl X-rays ) 35.1 d
Ca (n,7) C a 6420 prompt
Phosphorus P (n.a) 28a I 1779 2.24 m
"'P  (n,Y)^P 3900 prompt
Potassium ( Nat. Act. ) 1461 1.3x 10"y
"'K(n,7)^°K 7769 prompt
Sodium ^Na (n.7) '^‘ Na 1369
2754
15.02 h
“ Na (n,7) '^‘ Na 6395 prompt :
Chlorine ""Cl (n,7) ""Cl 1642
2168
37.3 m
""Cl w " " c i 6111 prompt
Cadmium ' ’"Cd (n,7)''^Cd 559 prompt
Hydrogen 2223 prompt
Carbon '"C(n,n’7 )’"C 4439 prompt
Iodine '""1 W " i 443 25 m
Lithium ®Li(n,a)"H P* 12.3 y
Magnesium "®Mg (n,7) ""Mg 844
1014
9.46 m
Mg (n,p) Na 1369
2754
15.02 h
continued ... 
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Table 3.1 continued ..
Aluminium "" Al (n,y) "°AI 1779 2.24 m
""Al (n.p) ""Mg 844
1014
9.46 m
""AI (n.a) ""Na 1369
2754
15.02 h
Sulphur ""S (n,7)""S 5421 prompt
Silicon "«Si (n.n’T) "°Si 1779 prompt
Iron “  Fe (n,p) Mn 847 2.58 h
"« Fe (n,n'"  ^ Fe 847 prompt
Copper “ Cu (n,*^  ®"Cu 511
1364
12,7 h
Selenium "«Se (n.Y) ""'"Se 162 17.6 s
Silver ^°"Ag (n,Y) °^®Ag 633 2.37 m
’««Ag (n.Y) ” °Ag 658 24.4 s
Mercury «^«Hg (n.Y) ^ H g 368 prompt
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Table 3.2 Overview of in vivo neutron activation analysis systems presently in use or planned.
Each measurement is denoted by a code of three characters in the order: type of 
measurement-neutron source-measurement precision. Type of measurement: A, 
total body ( single exposure ); B, total body ( scanning ); C, partial body 
( appendicular ); D, partial body ( torso ). Neutron source: 1, Pu-Be/Am-Be; 2, Cf; 
3, 14 MeV generator; 4, cyclotron; 5, ( natural activity ); 6, reactor. The 
measurement precision is in per cent, [COH85J.
Ca N Cd Na
Cl
P Other
Aberdeen, UK 
Auckland, NZ
C-1-5
B-1 -b
- - -
Baghdad, Iraq - - D-1“b - - -
Birmingham, UK A-4-3 B-4-5 D-1-b A-4-3 D-4-b D-4-6'
D-4-2 - D-4-b - - -
Brisbane, Australia - - D-1-b - - -
Brookhaven, USA A-1-2.5 B-1-4 D-2-5 A-1-2 A-1-4 -
East Kilbride, UK D-6-2.5 B-3-1.3 B-3-3.9 B-3-0.8 D-6-2 «
B-3-2.5 B-1-b - - - D-2-2 «
C-2-2.2 - - - - B-3-2.9 ®
Edinburgh, UK C-2-2.6 B-2-a - A-4-2.1 - -
D-2-3 - - - - -
A-4-1.8 - - - - -
Guildford, UK - - D-1-b - -
Houston, USA A-1-a B-1 -a - A-1-a A-1-a A-3-"
loannina, Greece D-1-a - - D-2-a D-1-a -
D-2-a - - D-1-a - -
Leeds, UK A-3-3.6 A-3-2.8 - A-3-3.5 A-3-2.6 A-3-3'
London, UK A-4-2 - - A-4-3.5 A-4-3 -
Lyon, France C-2-3 - ■ - - -
New York, USA D*4"b - - D-4-b - -
A-4-b - - - - -
Newcastle, UK B-3-a B-3-a - B-3-a B-3-a •
D-1-a - - - -
Orsay, France C-2-2 - - C-2-2 - -
D-2-5 - - - - -
Seattle, USA A-4-2 - - A-4-b A-4-b - ,
Swansea, UK B-2-a D-2-a D-2-7 B-2-a - D-2-a‘
Toronto, Canada D-1 -4.8 B-1-3 D-2-b D-1-5 - -
a System under construction; b 
° Carbon; Iodine; • Oxygen
Not available; * Not listed in [COH85]. 
; ‘ Selenium; • Copper, Iron.
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detected alternately during’cyclic activation analysis’, [SPY81b].
Of great interest fias been the more recent development of suitable IVNAA 
techniques for the direct study of such elements as carbon and silicon. The advances 
made in gamma-ray spectroscopy systems together with the development of more 
flexible irradiation facilities have been utilised by various groups of investigators eg. 
the use of a pulsed neutron beam by the group at Swansea,UK, has been central to 
the successful determination of silicon through inelastic scattering events, [DUT87].
Over the past years the accuracy and precision associated with the 
measurements have been markedly improved as better more refined techniques have 
emerged. Presently, several elements can be determined at levels equal to or less 
than the ’normal’ concentrations found in the human body and many others are 
detectable at the higher levels found in disease states or industrially exposed persons. 
The information obtained by IVNAA has therefore been useful not only in medical 
research of ’normal’ or disease states but has also been utilised in clinical and 
occupational health investigations.
In addition to the developments and improvements in the IVNAA techniques 
over the past years, other methods of in vivo analysis have emerged which offer either 
alternative means of obtaining the same information or are complementary to the 
neutron activation technique. Such developments have been welcomed in the general 
field of body composition studies since they allow verification and inter-comparison of 
results between independent techniques and compartmentai ’categorisations’.
As well as a review of the ’past’ work in the field of IVNAA a brief outline of the 
body composition methods other than IVNAA is given in the next two sections of this 
chapter.
3.2 REVIEW OF PAST IVNAA STUDIES
3.2.1 Calcium
The significance of body calcium in various bone diseases has long been
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appreciated and the relation between caicium metabolism and skeletal status has been 
well studied [FOU68]. ( ’Reference Man’ has 1.4% of Ca mass in proportion to his total 
body weight [ICRP75] and of this 99% is fixed in the skeleton ).
Bone is constantly resorbed and resynthesized in a continuous process of 
repair and regeneration. The exact control mechanisms that sustain the dynamic 
equilibrium are not well defined as yet but many of the local and systemic factors 
influencing bone mass have been reported [HAH86]. Of the three main types of 
histologic bone changes found in osteopenic disorders ie. osteoporosis, osteomalacia 
and osteitis fibrosa, osteoporosis related studies have received the most attention in 
IVNAA. The disorder is primarily age related and is characterised by decreased bone 
mass and increased susceptibility to fractures. The mechanism of the disorder has 
been outlined [MEC85], but the field of treatment remains unsettled. As well as the 
possibility of gaining benefits from physical activity and calcium replacement therapy, 
which has been found to halt bone loss, studies have suggested that estrogen, vitamin 
D, sodium fluoride and possibly para-thyroid hormone may be useful in the treatment 
of the disease, [LAN84].
No single technique can be applied to answer all the diagnostic questions 
regarding mineral content and metabolic aspects of the skeleton and the choice is 
therefore dependent on the given ciinicai problems. Meckelnburg [MEC85] has outlined 
both the advantages and disadvantages of the available techniques as well as the 
specific information obtained in each case. IVNAA is considered as the ’gold’ standard 
for caicuiating body calcium content. Although use can be made of the 6420 keV 
’prompt’ emissions from the "°Ca (n,'j^  Ca reaction, the two interactions employed 
in these measurements, in order of importance are: (i) ^®Ca (n,*)^  "®Ca and (ii) "°Ca 
(n,a) Ar. Also available is the choice between carrying out whole or partial body 
evaluations.
When the Ca (n,y) "®Ca reaction is employed, use is usually made of the 
3084 keV ’delayed’ gamma-ray emissions. The reaction product ie. ^®Ca has a half-life 
of 8.72 minutes, therefore allowing transfer of the patient to a low radiation 
environment for data acquisition following neutron irradiation. When, on the other hand, 
the "°Ca (n,a) ""Ar reaction is used, the method involves the collection of the exhaled
6 6
breath and removal of water, carbon dioxide, oxygen and nitrogen prior to detection 
of the Ar ( T 1/2 = 35.1 days ) activity. A gas proportional counter is used for the 
measurements and counting times are of the order of 12 hours. Although ""Ar 
measurements have been shown to be more sensitive [LEW79], the method is 
technically involved and there are uncertainties in the interpretation of the data, it is 
therefore the Ca Ca reaction which presently provides the basis of
’satisfactory’ in vivo caicium determination.
Whole body measurements have been carried out in the past by various 
workers using the ""Ca (n,y) "®Ca reaction [CHA68a], [COH70], [KEN82], [COM86], 
[NIC87b]. Partial body calcium studies on the other hand, have usually been made 
either of peripheral bone such as the hand and the forearm [CAT73], [MAZ79], 
[SMI79], [EBI86] or of the spine, hips and shoulders [McNE73], [AI-HiT76], [SMI79]. 
The dose in these measurements to the organs of interest, is usually greater than the 
alternative whole body technique and its significance in peripheral measurements is 
less than for evaluations involving the spine, hips and shoulders. The advantage of 
using the latter sites lies in their higher associated metabolic activity, thus making the 
observation of responses to treatment easier. Furthermore, there is little overlying 
tissue on spinal bone, allowing activation with lower energy neutrons, and hence lower 
dose, [COU80].
3.2.2 Phosphorus
The feasibility of using phosphorus as an alternative to calcium measurements 
in bone mass determination was implied by the report that Ca to P ratio in human 
bone was found to be constant [W 0062]. The main advantage that could be gained 
from this ’substitution’ is the much lower dose levels required ( about one tenth ) for 
the same measurement sensitivities. However, about 10% of the total body 
phosphorus is present in non-skeietai tissue and it has been suggested that the 
appropriate corrections may be incorporated by utilising the apparent good correlation 
between total body potassium and non-skeietal phosphorus, [PAL73].
Furthermore, phosphorus measurements have been used to determine the 
magnitude of the interference with the estimation of total body nitrogen ( through the
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^"N (n,2n) ^"N reaction ) due to the contribution of P (n,2n) P interaction to the 
annihilation spectrum [McCASO].
IVNAA measurement of the element can be performed by the detection of 3900 
keV 'prompt' gamma-rays ( or the associated single or double escape peaks ) emitted 
as a result of the P (n,y) P reaction. However measurements have mainly 
depended on the detection of 1779 keV gamma-rays emitted following the production 
of AI { Xi/2 = 2.24 minutes ) through the P (n,a) Ai reaction. The threshold energy 
associated with the interaction is about 2 MeV therefore necessitating the use of fast 
neutrons. Studies have shown that acceptable activation uniformity may be achieved 
within the body using 14 MeV generator produced neutrons [PAL73],[ELL78].
Simultaneous total body measurement of both caicium and phosphorus has 
also been carried out using the Ca (n,y) Ca and P (n.a) AI reactions 
respectively, allowing the caicium to phosphorus ratio to be determined directly, 
[WIL78b],[SHA83].
3.2.3 Sodium
Anderson and his coworkers [AND64] came to the preliminary conclusion that 
the difference between total body and exchangeable sodium was not significant. Use 
of IVNAA for the study of body electrolytes was consequently invalidated since the 
same evaluation could be made using standard isotope dilution techniques, [M 0067], 
[BAU73]. However this conclusion was found to be false since it was later shown that 
although most of the body sodium is extracellular and fairly rapidly exchangeable, 
there exist a less rapidly exchangeable sodium compartment, [CHA68b], [JOH70].
Sodium measurements employing the IVNAA technique have relied mainly on 
the ""Na (n.y) ""Na reaction. Although in some studies use has been made of the 
'prompt' emissions where the photopeak of interest has usually been the 6395 keV 
( or the associated single and double escape ) peaks [MAT79], the analyses have 
mostly concentrated on utilising the information from the delayed emissions, [CHA68b], 
[ALO80]. "" Na decays with a characteristic haif-iife of about 15 hours whilst emitting 
1369 keV and 2754 keV gamma-rays.
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Rudd and his coworkers employed the technique to evaluate Total Body 
Sodium levels, TBNa, in normals [RUD72],[RUD73]. In conjunction with exchangeable 
sodium measurements they reported a non-exchangeable body sodium fraction of 
approximately 27%. By utilising the association of the exchangeable sodium with an 
equivalent amount of chlorine, Eiiis and his coworkers have reported findings which 
substantiate the above result in normal adults [ELL76] ie. 27% and 23% of TBNa in 
males and females were reported to be non-exchangeable, respectively. Changes in 
TBNa has been reported in many disease states such as in renal failure [COH72], in 
hypertension [BOD78] and in osteomalacia [HOS72].
Various factors influencing the accuracy and precision of TBNa measurements 
eg. the possible interference from the Mg (n,p) Na interaction and correction for 
body size, have been considered extensively [SHA83], [KEN83], [SIW84], [NIC87b]. 
TBNa precisions in phantom measurements of about 2% and 2.1% for dose equivalent 
values of 5 mSv and 13 mSv respectively, have been reported [SHA83], [KEN83].
3.2.4 Chlorine
Chlorine is considered as one of the major body elements and makes up 0.12 
per cent of the total body weight in ’Reference Man', [ICRP75]. Together with body 
sodium measurements and in combination with data on body potassium, knowledge 
of chlorine concentration can be used in body electrolyte composition studies of many 
metabolic disorders such as hyperparathyroidism and osteopenia [COH85].
Yasumura et ai have shown that total body chlorine measurements provide a 
rapid method for extraceiiuiar fluid compartment estimation as an alternative to 
bromine or sulphur based radioisotope dilution techniques, [YAS83]. Furthermore, 
knowledge of total body chlorine levels in combination with total body potassium 
measurements could be used to obtain indices of intracellular to extracellular 
distribution of the fluid compartments of the body.
In measuring in vivo chlorine using neutron activation analysis many 
investigators have employed the delayed emissions from the ""Cl (n,y) ""Cl reaction 
product, [KEN83], [SHA83], [SIW84]. The thermal neutron capture cross section for the
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interaction is 0.433 barns; the technique relies on the detection of 2168 keV or 1642 
keV gamma-rays emitted via the decay of Ci ( = 37.3 minutes ). Possible
interfering reactions include both K (n.a) ""Cl and ""K (n,2n) ""K ( = 2170 keV;
Xi/2 = 8 m ) reactions [SHA83] but their effect can be minimised by using relatively low 
energy neutron sources since both interactions have relatively high threshold energies 
ie. 4.5 MeV and 13.5 MeV.
’Prompt’ photon emissions of energies 1164 keV and 6111 keV ( and the 
associated single and double escape peaks from the ""Cl (n,y) ""Cl reaction ) have 
also been employed in body chlorine level measurements [MAT79], [KNI86], [CHU86]. 
Unfortunately the other peaks ie. 1951 and 1959 keV peaks appear on the Compton 
edge of the 2223 keV hydrogen photopeak and consequently have very poor signal 
to noise ratios and are not therefore usually employed.
The short half-life of """’ Ci ie. 0.74 s produced through the ""Cl """’ Cl 
reaction ( 660 keV photon emissions ) makes attractive the prospect of using the cyclic 
activation technique [MAT79] but the feasibility of the measurement has yet to be 
demonstrated.
3.2.5 Nitrogen
Determination of body nitrogen levels provides a direct measurement of protein 
since most of the body nitrogen is in tissue protein. Such measurements are most 
useful in nutritional and metabolic studies and in patient care, where estimates of Total 
Body Fat mass, TBF, Fat-Free body mass, FFM, and Total Body Water, TBW, form 
the basic components of such body composition studies.
Although other methods of estimating TBF and FFM such as densitometry, 
anthropometry, isotopic water dilution, and total body potassium, TBK, measurements 
exist, it has been shown that the IVNAA/tritium dilution method yields more accurate 
results particularly when body composition is abnormal, [COH81],[COH84],[BED84a], 
[STR85]. IVNAA nitrogen measurements are performed using either the N (n,2n) 
N fast neutron interaction or the N (n,y) N thermal neutron capture reaction.
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The possibility of measuring the 511 keV annihilation photon emissions from 
was first suggested by Anderson and his coworkers [AND64]. Since the threshold 
energy of the interaction is approximately 11.5 MeV, fast neutrons such as those 
produced by 14 MeV D-T generators have to be employed. Although many other 
positron emitters are formed in the body, eg. P, Cl, the corresponding 
interferences with the N measurements have been well determined, [WIL78b], 
[McCA80], [ SPI84].
The presence of a proton flux arising from the fast neutron elastic scattering 
events with the hydrogen nuclei however, causes a more fundamental interference 
through the (p,a) ^"N reaction. The magnitude of this interference is significant 
and its contribution to the total N production has been estimated to be about 18%, 
[LEA77], [McCA80], [OXB78], [HAY81]. Correction of this interference necessitates 
total body oxygen, TBO, evaluations. Although indirect TBO estimation have been 
carried out from TBW evaluations [BUR78],[McCA80], the direct method employing the 
(n,p) ^"N reaction which has a threshold energy of 10.2 MeV has sometimes been 
preferred [WlL78a]. Others have also used the ^"0 (n,2n) reaction to correct for 
this interference [SPI84], but this requires even higher neutron energies since the 
threshold for this interaction is about 16.6 MeV.
Use of the N (n,y) ^"N radiation capture reaction relies on the 'prompt' 10,830 
keV photon emissions and was first reported by Biggin and his co-workers [BIG72]. 
Since then several investigators have employed this technique for TBN determination, 
[BED84a],[BED84b],[VAR84],[LAR86] and use has been made of simultaneous in vivo 
determination of body hydrogen as an internal standard [VAR84]. The main advantage 
of this technique compared to the alternative N measurements is that the 
complexities of correction for the various interferences are avoided. Furthermore, the 
problem associated with the attenuation of 511 keV and the slowing down of fast 
neutrons which result in marked variation of nitrogen measurement efficiency with 
depth into the body [McCA80] is not encountered. More detailed explanations of the 
advantages and disadvantages of the two techniques may be found in the literature 
[CHE84].
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3.2.6 Cadmium
Cadmium is considered as a highly toxic element even at trace concentrations 
and is classified as bioiogicaily non-essentiai. its ’environmental’ sources include 
various industrial byproducts eg. of refining,smelting and machinery of zinc, lead and 
copper ores, alkaline battery manufacturing, and oii burning. It is absorbed through the 
lungs or the gastrointestinal tract and is transported in the blood by bounding to a 
carrier protein ie. metailothionine. Its biological haif-life is of the order of decades and 
is selectively accumulated mainly in the liver and the kidneys. Normal concentrations 
in the whole kidney range between about 10 to 25 pg g and between 1 to 5 |xg g 
in the liver, [CUR70]. Normal cadmium concentrations of 13.9 + 0.7 ppm in kidney 
cortex, 2.3 + 0.8 ppm in lung tissue, 0.3 + 0.04 ppm in brain and 0.03 + 0.01 ppm in 
muscle tissue have also been reported, [HAM73]. It has been shown that the level in 
kidney cortex rises until the age of about 50 years when it reaches a maximum and 
a steady fall in the concentration follows in later life, [TRA80]; this observation was 
mainly attributed to the morphological and functional renal changes with aging.
Cadmium toxicity can affect virtually every organ in the body and many related 
histological changes have been reported in kidneys, liver, gastrointestinal tract, heart, 
pancreas, bones, and in blood vessels [ST072]. Association has been made between 
hepatic protein bound cadmium and chronic pulmonary diseases such as emphysema 
[LEW69] and chronic cadmium toxicity has been associated with inducement of 
anaemia. Various animal studies related to the effects of cadmium toxicity on the 
reproductive system have also been carried out. Haemorrhage necrosis of testes 
induced by the introduction of cadmium have been reported in rats [PAR56], mice 
[MEE59], rabbits and guinea pigs [PAR60]. Cadmium salt injections of pregnant 
animals on the other hand have lead to the termination of pregnancy, [PAR64]. 
Evaluation of the effects of cadmium on arterial hypertension have also been made 
using laboratory animals; cadmium administration of up to 10 ppm has been shown 
to lead to increases in systolic pressure in rats, [PER65],[PER74].
Although excess hypertension has not been detected in workers exposed to 
high cadmium levels, there are conflicting results with respect to the presence of
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higher concentrations of cadmium in hypertension patients in comparison to 
normotension controls, [SCH65], [CUM82]. Such factors as the cadmium leveis, rate 
of exposure and role of the presence of other elements such as zinc and selenium at 
varying concentrations may influence the direction of the biological effect and therefore 
the discrepancy in the reported data is not surprising.
Since blood and urine cadmium levels do not adequately reflect the effects of 
toxicity, alternative in vivo methods for the determination of Cd concentration analysis 
have been sought by various researchers. In vivo X-ray fluorescence measurements 
of renal cadmium have been performed [AHL81] at very low doses ( about 0.6 mGy 
). The main drawback associated with the technique is the large attenuation of X-rays 
which leads to the strong variation of the measurement sensitivity over depths that the 
kidneys are normally located within the body. Although some improvements have been 
made [CHR83], IVNAA is expected to yield more reliable results [CHE84].
The neutron activation technique relies on the detection of 'prompt' 559 keV 
gamma-rays emitted during de-excitation of the first excited state of ^^"Cd, produced 
in the ^^"Cd (n,Y) ^^"Cd reaction. The isotopic abundance of ^^"Cd is 12.28% and its 
thermal neutron capture cross section is 19,950 barns. The technique requires use of 
detectors with good energy resolution capabilities eg. Ge(Li) semi-conductor detectors, 
mainly because the 559 keV emissions fail close to the 511 keV photons arising from 
annihilation events and Nal(TI) scintillation detectors cannot therefore be used. 
However inelastic neutron scattering events involving the "®Ge isotope present in 
germanium based detectors result in 565 keV gamma-rays from the de-excitation of 
the first excited state of this isotope. Furthermore, 569 keV gamma-rays may be 
emitted following the production of Pb ( x ,/2 = 0.8 s ) as a result of neutron 
reactions within the lead shielding/collimation arrangement. Despite the excellent 
energy resolution of Ge(Li) detectors available for use in IVNAA the presence of 
photopeaks of the type mentioned above would result in a lower signal to noise ratio 
for the 559 keV photopeak by contributing to the underlying 'background'. It is 
therefore important to minimise the affect of such 'interferences' by: (i) incorporation 
of adequate neutron shielding around the detector to minimise the number of ""Ge 
(n,n'Y) "®Ge interactions and (ii) by replacing, where possible, lead with such photon 
shielding material as bismuth or tungsten in order to avoid the production of the """"’Pb
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isotope. ( Unfortunateiy the cost factor may not always permit the use of such 
substitute photon shielding since lead is considerably cheaper than the 
alternatives.).
Also to note are the possible interferences with the photopeak of interest which 
may originate from body constituents such as ""Mg ( 560 keV ), P ( 558 keV ) and 
""Na ( 560 keV ) or from " Li ( 559 keV ) that may be used for detector neutron 
shielding. It has been shown however that the contribution of such interferences is 
usually less than 3% [VAR77] mainly because of their low reaction cross sections and 
photon yields per neutron capture.
The first studies of Cd levels in vivo using NAA were carried out by McLelian
and his coworkers [McLE75] at Birmingham, UK. They used a pulsed neutron source
from a Nuffield Cyclotron and reported a detection limit of 0.5 p,g g in a liver sized
phantom for a dose equivalent of about 4 mSv. Various workers have carried out the
measurement usually by using neutrons from either """Cf sources [EVA79],[CUM82]
or the (a,n) reaction on beryllium ie. Pu-Be or Am-Be sources, [VAR77],[AI-HIT79], 
[MAT79],[McNE82],[NiC83] and [FRA86]. However Morgan and his coworkers have
concluded, after a detailed comparison between """Cf and Pu-Be sources that use of
the ’spontaneous fission’ source would yield superior results [M0R81].
3.2.7 Selenium
Selenium is classified as a trace element in the human body and is regarded 
as bioiogicaily essential since its deficiency leads consistently to impairment of the 
function of an organ [SCH57],[UND77]. It is mainly absorbed in the duodenum [WRI66] 
and is distributed in ail tissue once in the plasma [BUE60]. The element is present in 
all cells and tissues of the body and levels of between 0.05 and 0.75 ^g g have been 
reported [IYE78]. The concentration, using in vitro techniques of determination have 
been found to be highest in liver ( 0.3 fig g [LAR72],[PLA79] ) and the kidneys ( 0.75 
fig g in kidney cortex [PLA79] ); whilst lower levels have been reported in blood ceils 
( 0.15 fig g'  ^ [VER77] ), in brain ( 0.15 fig g in cerebral cortex [LAR79] ), in lungs 
( 0.2 fig g 'V[LAR72] ) and in muscle tissue ( 0.17 fig g [LAR72] ).
Selenium has an enhanced tendency to complex with heavy metals eg.
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cadmium, and its metabolism is therefore highly influenced by the concentration of 
such elements in the body; the presence of Se can in turn influence the metabolism 
of these heavy metals [FR075]. Its deficiency has been shown to lead to various 
disease states such as liver necrosis and muscle calcification [SHA81] and its 
importance as an inhibitor of carcinogenesis has been outlined both in animal 
experimentation and epidemioiogicai studies [CLA49], [SHA66], [SHA69], [SHA72]; the 
integral findings of these and other studies [SCH74] has lead to the general conclusion 
that Se can have an inhibitory effect on cancer.
A number of studies have found a relationship between Se leveis and 
cardiovascular disease [PLA79]; lower selenium concentrations were reported in 
cardiovascular disease related mortalities. Although no proof of dietary toxicity in 
humans has been reported [BER80], excessive doses of Se is thought to result in 
poisoning. Chronic selenium toxicity is characterised by anaemia, dullness or oedema 
and acute poisoning could result in abdominal pain, liver cirrhosis, some degree of 
paralysis and loss of appetite.
There exist six stable isotopes of Se with atomic masses of 74, 76, 77, 78, 80 
and 82. Se is the most commonly analyzed in vitro by neutron activation analysis 
due to its long haif-iife of about 120 days but its use for in vivo measurement requires 
long experimental times. Of the other isotopes Se offers the most useful reaction 
specially since it has a high natural abundance-activation cross section product value. 
Table 3.3, and """^Se has a high gamma-ray emission intensity ie. gamma-ray energy 
of 162 keV ( 50% ). The relatively short half-life of """*Se ie. about 17.6 seconds, 
favours the use of cyclic activation, CA, analysis, described in section 1.4.3. In vitro 
application of the cyclic activation technique for the measurement of selenium 
concentrations in bovine liver and animal blood has yielded detection limits of about 
50 ppb [EGA77].
In vivo measurements of selenium levels in a liver phantom have been 
performed in the past using the CA technique [NIC83]. The same worker has reported 
the presence of a significant 'background' peak at 162 keV and has concluded that it 
arises mainly from a sum peak of the lead x-rays produced in the shielding material, 
ie. 75 keV ( Ka ^  ) and 87 keV ( Kpg ) x-rays. It was also partly attributed to the
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Table 3.3 Relevant nuclear characteristics to IVNAA of naturally occurring selenium 
isotopes [LED67].
Target
Isotope
Natural
abundance
(% )
Neutron capture 
cross-section 
( barns )
Product
Isotope
Half-life Energy of 
emitted 
radiation 
( keV )
"^Se 0.87 30 "«Se 120 d 265(60%)
"«Se 9.02 63 ""Se stable , -
22 """'Se 17.6 s 162( 50% )
""Se 7.58 42 "«Se stable -
"«Se 23.52 0.05 "«Se 6.5x10^ y P*
0.36 79m Se 3.91 m 96( 9% )
««Se 49.82 0.5 «’ Se 18.6 m 830( 0.2% )
0.1 «’"'Se 56.8 m 103( 8% )
««Se 9.19 0.004 ««Se 25 m 360( 69% )
0.05 ««"'Se 70s 1031(100%)
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reactions within the Ge(Li) detector which iead to the production of Se following 
which """'Se may be produced through the thermal neutron capture reaction. Detection 
of 162 keV photons following the irradiation of a 50 cm" Ge(Li) detector has been 
reported [BUN74] which supports the possibility of the presence of this interference 
source. The achievement of a detection limit of about 0.65 ppm using a 2.7 litre liver 
phantom, for a surface dose equivalent of about 2.6 mSv and a total experiment time 
of 1800 seconds has been claimed [NIC82].
3.2.8 Other Elements
3.2.8.1 Oxygen
Oxygen accounts for 61% of the total body weight in Reference Man [ICRP75] 
and the data from its measurement can be used to evaluate the total body water 
content ( although it has been shown that both the isotope dilution technique and 
electrolyte space total body water determination yield more accurate results 
[EAS87] ); this is valuable in body composition studies. Furthermore, data concerning 
oxygen levels may be used to correct for the interferences, through the ’" 0  (p,a) N 
reaction, in body nitrogen studies employing the N (n,2n) N interaction. IVNAA of 
oxygen level is mainly performed using the ’" 0  (n,p) ’"N reaction. The technique relies 
on the detection of 6134 keV gamma-rays emitted following the formation o f’"N (
= 7.2 s ), [WiL78a], [MAT79], [EAS87]. Use of the ’« 0  (n,*  ^ ’®0 reaction with the 
detection of 197 keV and 1370 keV gamma-ray emissions through the decay of O 
( X1/2 = 29 seconds ) has also been investigated [MAT79].
3.2.8.2 Hydrogen
Hydrogen is by far the easiest measured element using IVNAA. Its 
determination which relies on the ’prompt’ 2223 keV emission following the ’ H (n,y) 
"H  reaction was first demonstrated by Rundo and Bunce [RUN66]. Total body 
hydrogen has been shown to be useful in total body water determination provided that 
the necessary corrections for hydrogen in fat can be incorporated eg. by skinfoid 
measurements [CAR73]. Use has also been made of hydrogen as an internal standard 
for the determination of nitrogen via the prompt gamma-ray technique [VAR84].
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3.2.S.3 Carbon
The main energy store in the body is in the form of fat. Its quantification is 
important not only in the clinical assessment of metabolic disorders eg. obesity and 
severe mainourishment, but aiso in the monitoring of response to treatment. Although 
total body fat can be evaluated indirectly, [STR85], its direct determination would be 
highly desirable at least to have an independent validation of the results from other 
methods.
Direct carbon measurements using IVNAA relies on the detection of prompt 
4439 keV gamma-rays emitted through the ’"C (n,n’y) ’"C reaction [KYE82], [KEH87]. 
Body carbon is distributed between protein, bone and fat [ICRP75]. To evaluate TBF, 
it is therefore necessary to subtract the contributions from carbon in protein and bone 
from the TBC values which may be achieved by separate TB Protein and TB Caicium 
measurements, [OXB87].
3.2.8A Potassium
Potassium is classified as a major body element and makes up 0.2% of the 
total body weight in Reference Man, [IGRP75]. About 0.01% of the element is the 
natural radioisotope = 1.277x10® years ) which emits as well as p-particles,
gamma-rays of energy 1461 keV. Well shielded whole-body counters can be used to 
detect the emitted gamma-rays and the count rate is then related to the total body 
potassium levels [BUR53], [B0D71]. Sharafi and his coworkers have shown that when 
muiti-eiemental IVNAA is performed, depending on the energy of the neutrons 
employed, there could be interferences to the K measurement from such reactions 
as N (n,2n) N and P (n,a) "« AI [SHA83].
32.8 .5  Silicon
Silica ( SiO g ) is a potentially hazardous lung contaminant which could, in 
exposed individuals lead to silicosis, a chronic fibrosing of lungs. Individuals working 
in industries such as mining, stone cutting and pottery could be exposed to high levels 
of this hazardous lung contaminant. Whilst levels of only up to 0.1 g per lung have
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been found in nonindustriai exposed populations and an average burden of 2.3 g of 
silicon compounds ( including 0.7 g of free silica ) has been reported in miners and 
granite silicotic individuals [NAG60], lung burdens as high as 20 g of silica have aiso 
been found [ZIS76].
The IVNAA technique of measuring Si is based on the "«Si (n.n’y) "«Si ( Ethreshold 
= 1.9 MeV ) inelastic fast neutron scattering events and the subsequent detection of 
’promptly’ emitted 1779 keV gamma-rays. it has been shown that this reaction offers 
better sensitivity than the alternative fast neutron "«Si (n,p) "«AI and the thermal 
neutron "«Si (n,y) "®Si reactions [ETT82]. The same workers have outlined the possible 
interferences and have aiso shown the advantages of using a pulsed 5-8 MeV neutron 
beam, ie. minimizing the dose received by the subject, reducing the ’noise’ levels and 
optimizing the reaction of interest with respect to the interfering P (n,a) "« AI 
interaction; they have indicated a detection limit of 0.6 g of Si per 10 mSv with a 19% 
relative-efficiency Ge(Li) detector. Kacperek and his coworkers using the same method 
but two HPGe detectors ( relative efficiencies of 29% and 34% ) and a pulsed neutron 
beam of energy 5.2 MeV, have claimed a detection limit of 0.35 g for a dose 
equivalent of 10 mSv, [KAC86]. Whilst others using the same setup have reported a 
detection limit of 4.1 g for a neutron dose equivalent of 4 mSv but have indicated the 
feasibility of obtaining a detection limit of better than 1 g [DUT87].
3.2.8.6 Aluminium
Although there are two other possible interactions that could be employed, ie. 
""Al (n,p) ""Mg and ""Al (n,a) Na, the IVNAA determination of aluminium is mainly 
achieved using the ""Ai (n,y) "«Al reaction. The method relies on the detection of 1779 
keV gamma-rays emitted by the decay of "« Al ( % = 2.24 minutes ). The main
problem associated with the technique is the interference from the P (n,a) "« Al 
reaction. Ellis and his coworkers have recently reported a procedure that overcomes 
this problem by employing a well thermalised neutron beam used to exposed the hand 
of the patient and have measured the induced activity both from the "«Al and ^®Ca 
( ^«Ca (n,y) ^®Ca reaction; = 8.72 minutes, E  ^= 3084 keV ), [ELL87J. They have 
reported a detection limit of 0.4 mg Al for a total dose equivalent of less than 20 mSv.
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32.8.7 Lithium
Lithium concentration in normal human tissue is about 0.01 g ’ and the 
highest concentration is found in cortical bones, 0.03 pg g ’ [ICRP75]. Its most 
important ciinicai application is in the treatment of manic and depression episodes 
[SCH75]. An IVNAA technique for lithium determination in the human brain has been 
proposed which utilises the ® Li (n,a) T reaction [VAR85]. The measurement relies on 
the detection of tritium in exhaled air collected over periods of about 30 minutes 
following neutron exposure of the brain. The method is technically involved and data 
interpretation is complicated. A detection limit of 350 |ig of Li ( total dose equivalent 
of 10 mSv ) for the whole brain has been claimed and it has been acknowledged that
it can only be used in the study of patients undergoing Li-compound treatment.
3.2.8.8 Iodine
Iodine in the plasma is either excreted in the urine or is trapped in the thyroid 
where it is converted to organic iodine. Detailed outline of iodine kinetics in the body 
may be found in the literature [MAT79]. The IVNAA technique for thyroidal iodine 
determination mainly involves the detection of 443 keV gamma-rays from the decay 
of I ( X1/2 = 25 minutes ) formed via the I (n,y) i reaction, [BOD67], [LEN67], 
[BOD88]. The major problem associated with the technique has been the non­
uniformity of activation due to the rapid attenuation of the thermal neutrons. However, 
it has been reported that using epi-thermal and fast neutrons, a maximum variation in 
induced I activity of only + 6% was encountered over the various ranges of thyroid 
gland diameters and depths [BOD70].
3.2.8.9 Iron
Iron is the most abundant of ail the other trace elements found in the body with 
an overall concentration of about 60 |xg g in Reference Man [ICRP75]. Clinicaiiy its 
measurement in the body is of interest in hemachrosis, iron overload and anemia. Its 
determination using IVNAA has been reported in liver measurements in patients with 
higher than normal liver iron content, using the Fe (n,p) “  Mn reaction [OXB73];
Mn has a characteristic half life of about 2.58 hrs and emits 847 keV gamma-rays 
during its decay. More recently Kacperek and coworkers have compared the (n,p)
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reaction technique (using a "“ Cf neutron source) with the alternative “ Fe(n,n’y)“ Fe
inelastic scattering interaction in phantom measurements [KAC87]. A Van de Graaff
accelerator was used to provide the pulsed beam of 4.7 MeV mono-energetic neutrons
and a HPGe detector was employed for counting the 847 keV 'prompt' gamma-rays
emitted during the scattering events. They have reported similar detection limits for the
two techniques ie. 1.6 g and 1.3 g for the (n,p) and (n.n’y) reaction ( for a total neutron 
dose equivalent of 34 mSv ) respectively, and have claimed that by optimisation of the
technique they could approach a detection limit of about 0.3 g.
3.2.8.10 Copper
Determination of copper burden in the liver is useful for the diagnosis and 
treatment of patients with Wilson’s disease and primary biliary cirrhosis. Reference 
Man copper content is 0.072 g in the whole body and 0.012 g in the 1800 g liver 
[ICRP75]. Although IVNAA is the only available technique for its measurement in the 
body, the detection limit presently achievable is about ten times higher than the normal 
levels [AI-TIK76]. IVNAA relies on the detection of either 511 keV or 1346 keV gamma- 
rays of "^Cu (%i/2= 12.7 hrs ) formed through the Cu (n,-^ ^  Cu reaction or the 1039 
keV gamma-rays of Cu ( x = 5.1 minutes ) produced via the Cu (n,y) Cu 
reaction.
3.2.8.11 Mercury
More recently various workers have reported IVNAA techniques to measure 
mercury leveis in the kidney [SMI82], [VAR83], [CHA87], liver [VAR83] and in the brain 
[Ai-HIT80]. Mercury is considered as a highly toxic heavy metai and Hg toxicity has 
been shown to cause damage to areas in the central nervous system resulting in 
permanent disability or death and has also been shown to inhibit enzyme activity 
[BOW79], [SAN85]. IVNAA relies on the detection of ’prompt’ 368 keV gamma-rays 
emitted through the ‘‘®® Hg (n,'^ "°°Hg reaction. Concentrations for Reference Man 
[ICRP75] in kidney is 2.8 ppm, in the liver is 0.3 ppm and in the brain is 0.10 ppm. The 
reported detection limits are considerably higher than the normal concentration ie. at 
best 6 ppm in the kidney [VAR83], therefore making the technique suitable only for 
overloads.
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3.2.8.12 Magnesium
Magnesium is ciassified as a major element contributing 0.027% to the total 
body weight in Reference Man [ICPR75]. it can be measured by IVNAA either by the 
detection of 1369 keV and 2754 keV emissions via the production of "^Na { 't  \i2 =
15.02 hrs ) through the "^Mg (n,p) "^Na ( E threshold = 5 MeV ) interaction or the 844 keV 
and 1014 keV gamma-rays emitted by ""Mg ( = 9.46 min ) which is formed in the
26Mg (n,-vA ""Mg reaction.
3.2.8.13 Suiphur
Sulphur is a major body element and makes up 0.2% of the total body weight 
in Reference Man [ICRP75]. It is measurable using IVNAA through the ""8 (n,y) ""8 
reaction by counting the prompt 5421 keV gamma-ray emissions.
3.2.8.14 Silver
Silver has been measured using IVNAA through the ’°"Ag (n,y) Ag reaction 
[EA880]. The reaction product decays with a haif-iife of 2.37 min emitting 633 keV 
gamma-rays. Use of the ’°®Ag (n,y) ’ ’°Ag reaction could prove more sensitive 
however; ” °Ag decays with a haif-iife of 24.4 s with the emission of 658 keV gamma 
rays, making the cyclic activation technique more suitable for its detection [8PY81a].
3.3 TECHNIQUES FOR BODY COMPOSITION STUDIES OTHER THAN IVNAA
Besides IVNAA there exist a number of other techniques which are used in in 
vivo body composition studies. These include, amongst others:
(i) X-ray Fluorescence;
(ii) Nuclear Resonance Scattering;
(ill) Photon Activation analysis;
(iv) Photon Absorptiometry;
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(v) Computerised Axial Tomography;
(vi) Nuclear Magnetic Resonance and
(vii) Bioelectric impedance Measurements.
A review of some of these techniques has fairly recently been published 
[COH85] and oniy a brief outline of these methods wiii be presented in the foiiowing 
sections.
3.3.1 X-rav Fluorescence. XRF
The technique relies on the detection of characteristic x-rays emitted during the 
de-excitation of the element of interest following the creation of photon induced 
vacancies in the electronic shells. Although usually K x-rays are employed , some 
times use is also made of L x-rays. The detection of x-rays from other than superficial 
body organs is restricted to high atomic number elements such as lead because of the 
high attenuation of the lower-energy photons.
Although there are about sixteen elements reported measurable by XRF ie. 
"«Fe. "®Cu. "°Zn, "«Sr, ^«Cd, “ I, "^Xe, "«Ft, «°Hg, «"Pb, ®°Th,and "°Ca, “ Cs, “ Ba, 
""Ta and ®"Bi, most of the in vivo studies have dealt with levels of iodine ( in the 
thyroid ), lead ( in the finger-bone, tibia, teeth and heei-bone ), cadmium ( in kidney 
and liver ) and platinum ( in tumours and kidney), [MAT87]. The improvements in the 
technique during the past decade has meant that the method is now successfully 
applied for routine monitoring of lead and cadmium levels in occupationally exposed 
workers [CHR84],[AHL81], as well as in other ciinicai applications such as the 
measurement of kidney platinum and lead in patients undergoing cisplatin ( cis- 
diamminedichloroplatinum II ) chemotherapy [MOR87].
3.3.2 Nuclear Resonance Scattering. NRS
The technique relies on the elevation of the target nucleus to its excited state 
by the incident gamma-rays and the subsequent detection of the gamma-ray emissions 
when it decays back to the ground state. Such elements as iron, copper and 
magnesium which are difficult to measure by IVNAA are more readily measurable
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using NRS.
Iron concentrations in the iiver and heart have been measured using the 
technique in patients with thalassaemia major and detection limits of 1 mg g ’ of liver 
tissue and 0.3 g in the heart have been reported for doses of about 10 mGy [VAR79]. 
The feasibility of applying the technique for determinations of Cu, Mg and Si has also 
been suggested [VAR82].
3.3.3 Photon/Electron Activation Analvsis
One of the more recent developments in body composition studies has involved 
the in vivo detection of beryllium using photon activation analysis. Be is considered to 
be a highly toxic element and exposed workers may be prone to berylliosis of the 
lungs. Its measurement using photon activation analysis relies on the detection of 
neutrons by utilising the ® Be (y,n) « Be reaction ( E threshold = 1 665 MeV ) [ALI85], 
[ALI87]; a detection limit of 0.67 mg of beryllium per lung for a skin dose of 50 mGy 
has been reported.
Also, the development of high energy electron and photon beams for use in 
radiotherapy has provided the opportunity of measuring bulk elemental concentrations 
within the treatment volume [SPR70],[STR77]. Pearson and Spyrou [PEA79] have 
monitored the distribution of 0 , N and ’"O within a phantom irradiated by 34 MeV 
electrons ( from a betatron ) using a gamma camera. The feasibility of in vivo 
monitoring of nitrogen and phosphorus using bremsstrahlung radiation from 15 MeV 
electrons has been demonstrated by Wieiopoiski and his coworkers [WIE87]. They 
have reported measurement precisions of 2% and 15% using a HPGe detector and 
1% and 5% using a Nai(Ti) detector for nitrogen and phosphorous respectively.
3.3.4 Photon Absorptiometrv
The technique relies on the attenuation of photons in traversing specific parts 
of the body and whilst individual elements such as iodine have been measured 
[JAC64], the technique is more commonly applied to the study of bone, fat and soft 
tissue ie. composite body material. The technique is sub-divided into single and dual
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photon energy absorptiometric measurements. If the overall thickness of the organ of 
interest is uniform and the assumption of having a two-component system is met eg. 
bone and soft tissue in the forearm, single energy measurements may be performed, 
[CAM63]. If however the thickness uniformity criteria are not met eg. in the trunk, the 
dual photon energy technique has to be applied [WIL77].
The photon sources most often used have been i (x = 60 d;E ^  = 27 keV) 
and ’“ Gd (x^ /g = 242 d;E^ = 44, 100 keV) for single and dual energy measurements 
respectively; skin doses range typically between 0.05 and 0.1 mGy per measurement.
3.3.5 Computerised Tomoaraphv. CT
Use of CT, to obtain x-ray attenuation maps of the body has the advantage 
over the conventional radiographic methods that the images are a ’true’ two 
dimensional representation of the tissue siice of interest rather than a 2-Dimensional 
image of a 3-Dimensionai object ( where the information from the 3rd dimension is 
compressed ). The CT images can discriminate differences in x-ray attenuation of less 
than 0.5% and three dimensional information can be obtained by performing multi-slice 
measurements, [COH85].
The technique has found use in two main categories of relevance to body 
composition studies. Firstly, it has been used to evaluate cross sectional areas ( or 
volumes, if multi-slice measurements are performed ), of the tissue of interest. CT 
images have been used in the past [HEY79a] to determine bone, muscle and fat 
contents of the midarm; the multi-slice measurements on the other hand have been 
performed in iiver, kidney and spleen volume predictions [HEY79b] and an accuracy 
of about 5% has been reported. The second type of investigations using CT images 
have involved compositional studies of tissues eg. for the estimation of fat content 
[VIG79], bone mineral content [MOS88] and liver iron stores [GOL79].
3.3.6 Nuclear Magnetic Resonance. NMR
The technique of nuclear magnetic resonance imaging and spectroscopy 
[LAU73],[ROT84] has found application in the study of body fat and muscle mass
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through measurements of the regional proton density [FUL87]. Apart from hydrogen, 
other detectabie eiements, in vivo, are phosphorus, nitrogen and sodium. The main 
advantage of the technique is the absence of radiation dose imparted to the subject 
which is associated with many of the other body composition techniques.
3.3.7 Bioeiectric Impedance Anaivsis
The method is based on the conduction of a constant frequency current appiied 
through the organ of interest. During recent years it has gained in popuiarity with wide 
usage in body composition studies mainiy because of ease of performance of the 
measurements and its radiation hazard free nature. The appiication of the technique 
for the assessment of fat free mass in the body has been reported [LUK85] and good 
agreement with resuits from other methods have been found, [HOF69],[PAS85].
3.4 The Analytical Techniques Employed in the Present Study
The aim was to investigate the feasibiiity of performing in vivo neutron 
activation anaiysis without the need for a separate counting site; since the room where 
the irradiations were performed had a high photon background, it was decided to 
concentrate on the feasibiiity of empioying oniy the ’cyciic’ and ’prompt’ activation 
techniques.
Fig .3.1 shows the geometricai arrangement employed in the course of the 
present study. Use was mainiy made of the Ge(Li) semiconductor type gamma-ray 
detector and the Nai(TI) scintiliation detector was oniy employed in measurements of 
nitrogen, section 3.4.3. The characteristics of both detectors as weli as details of the 
associated electronics forming the gamma-ray spectroscopy system have been 
outlined in chapter 2 of the present study.
The ’phantom’ had dimensions of 300 mm height x 180 mm width x 300 mm 
length and was employed as a representation of the human trunk section. It consisted 
of a perspex container of wali thickness of about 7 mm, inside which was poured (or
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Boron loaded clay
Lead
Lithium carbonate
1 Neutron Source
2 ’Phantom’
3 Plastic phantom
4 Detector
Y
n’s
Fig.3.1 Schematic diagram of the geometrical arrangement employed in the present 
study.
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placed) the solution (or cylindrical plastic container) with the appropriate concentrations 
of the elements in a given measurement. All the solutions were prepared using double 
distilled and deionised water and high purity compounds ( ANALAR reagents).
3.4.1 Measurement of Calcium and Phosphorous
A cylindrical plastic container of total volume 280 ml was filled with a solution 
of C a 3(P04 )2  and was placed (with its polar axis on the horizontal plane at x=y=0) 
at a depth of 10 mm along the central z-axis of the water filled phantom. The 
concentrations in the plastic container of calcium and phosphorous were about 0.25 
g ml and 0.13 g ml '^  respectively. The irradiation/counting was performed for a 
period of 1800 seconds and despite the very high concentrations of the two elements 
present no statistically significant photopeaks that could be attributed to either of the 
elements were observed in the 4k channel spectrum.
Fig.3.2 shows the section of the spectrum where the 6420 keV calcium 'prompt' 
photopeak was expected to be observed. The oniy photopeaks in the spectrum were 
identified to be either due to germanium or lead as part of the 'dynamic' background. 
Using the 'prompt' activation anaiysis equation, Equation 1.6 , the theoretical detection 
limit for measurement of Ca via the 6420 keV gamma-ray emissions for the present 
set up was calculated to be about 0.4 gml \  The 3389 keV single and 2878 keV 
double escape peaks of the 3900 keV phosphorous gamma-ray emissions were totally 
swamped by the carbon peaks present in this energy region and could not therefore 
be used in the analysis, Fig.3.3. The 4430 keV peak ( number 3 ) is due to the first 
excited level of and the 3919 keV peak ( number 2 ) and 3408 keV peak ( 
number 1 ) are the associated single and double escape peaks respectively. is 
produced within the Am-Be neutron source as the product of the ®Be (a,n) 
reaction and the recoiling of the carbon nucleus results in the Doppler broadening of 
the emitted gamma-rays ie. the width of the carbon peaks is greater than that expected 
from a full energy photopeak obtained using a Ge(Li) detector, Fig.3.3. The energy 
region between 3.3 and 4.4 MeV is therefore rendered virtually unusable for 'prompt' 
gamma-ray neutron activation analysis unless the necessary detector photon shielding 
is incorporated. Alternatively a different neutron source could be used to avoid the 
presence of the carbon peaks.
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3.4.2 Measurement of Sodium and Chlorine
Use was made of the ’prompt’ gamma-ray emissions for the determination of 
both sodium and chlorine present within the phantom; the Ge(Li) detector was 
employed in the measurements. The spectra were collected for irradiation/counting 
periods of 1800 seconds and were recorded on floppy discs for later anaiysis. Spectral 
analysis was performed using the SAN/IPO code section 1.3.2.
The preliminary measurement was carried out using a solution containing 
approximately 8,400 ppm of sodium, 13,000 ppm of chlorine and 200 ppm of cadmium 
for illustration purposes. Fig.3.4(a),(b),(c),(d) and (e) show the relevant sections of the 
4k channel spectrum obtained in this measurement; some of the more important 
photopeaks have been identified and listed. Although the detector was sufficiently 
collimated and shielded to suppress the detection of 478 keV gamma-rays emitted by 
the de-excitation of  ^Li following the B (n,a) ^Li reaction within the boron loaded 
clay, used for the shielding of the detector from neutrons [MAT79], the 511 keV 
annihilation gamma-ray peak was observed to be very intense ( peak number 1, 
Fig.3.4(a) ). As a result, there was a very high background continuum associated with 
peaks of energies below the 511 keV photopeak, therefore rendering unusable these 
peaks in subsequent analysis. The small peak ( number 2 ) of energy 538 keV was 
attributed to the radiative capture events in lithium present in the form of lithium 
carbonate powder used for the neutron shielding of the detector. The 559 keV 
cadmium photopeak ( number 3 ) and a number of significant peaks associated with 
the neutron interactions within the detector ie. germanium peaks, and the gamma-rays 
associated with the shielding and collimation materials ie. lead peaks, were also 
observed.
The prominent 2223 keV peak ( number 14 ), and the associated 1712 keV 
( number 11 ) and 1201 keV ( number 10 ) single and double escape peaks, 
respectively, were also observed. These are attributed to the emissions resulting from 
neutron radiative capture events in the hydrogen present both in the water filled 
shielding tanks and also within th e ’phantom’ solutions.
Although there are two ’lower’ energy sodium gamma-rays that could be
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employed in the analysis, namely the 472 keV peak arising from the decay of Na
( T 1/2 = 2x10 '^  s ) and the 870 keV ’prompt’ emissions, both suffer from very poor 
signal to noise ratios. The former has a very large underlying ’background’ due to the 
presence of the intense annihilation peak and the later has a highly significant 
interference from a germanium peak of similar energy ie. 868 keV.
The most intense high energy sodium gamma-ray peak has an energy of 6395 
keV, Fig.3.4(b). Allowance for the interfering germanium peak of energy 6389 keV was 
made by subtracting the signal area obtained with no sodium present in the phantom 
from the corresponding photopeak areas obtained for varying concentrations of the 
element. The differences were plotted against the sodium concentrations and a ’least 
square’ fitting technique was used to obtain the equation of the line. The values of the 
backgrounds used in the calculations were derived as the sum of the underlying 
background continuum of the peak of interest and the contribution to the total peak 
area from the germanium interference. The same technique of data fitting was then 
used to obtain the equation describing the variation of 2 x (background) with sodium 
concentration. The detection limit was then calculated as the concentration of the 
element at the intercept of the two fitted lines and was found to be about 220 ppm of 
sodium.
Of the three chlorine peaks with energies below the prominent full energy 
hydrogen photopeak both the 1951 keV and 1958 keV peaks sit on the Compton edge 
of the 2223 keV peak Fig.3.4(c) and consequently have very poor signal to noise 
ratios. Using the 1164 keV peak however, Fig.3.4(d), a detection limit of 180 ppm of 
chlorine was calculated by employing the same experimental and analytical procedure 
outlined above in the detection limit evaluation for sodium. Using the higher chlorine 
energies at 6111 keV, 5600 keV (s.e) and 5089 keV (d.e.), Fig.3.4(e), and after the 
incorporation of the necessary corrections for the interferences from the germanium 
peaks, detection limits of about 140 ppm, 160 ppm and 150 ppm of chlorine were 
found respectively.
Matthews [MAT79] has used the same experimental technique and facility 
( prior to modification ) to determine detection limits for both sodium and chlorine. 
Using the 6395 keV photopeak a detection limit of about 280 ppm of sodium has been
97
reported. For chlorine the same investigator has reported detection limits of 250 ppm 
and 160 ppm by employing the 1164 keV and 5089 keV (d.e.) ’prompt’ peaks of this 
element respectively. In comparison, the results of the present study show an 
improvement in the calculated detection limits of 60 ppm for sodium and 20 ppm for 
chlorine. Although the same photopeak was used in the determination of sodium, in 
the case of chlorine the best single to noise ratio was obtained using the 6111 keV 
rather than the 5089 keV (d.e.) peak as reported by Matthews [MAT79]. The precision 
associated with the measurements made in the present study defined as:
(3.1)
s
( where S is the net photopeak area and B is the area of the associated background); 
at the ’normal’ concentrations found in the human body ie. in Reference Man of 1430 
ppm of sodium and 1360 ppm of chlorine [ICRP75], were calculated to be about 28%  
and 22% respectively for a total dose equivalent delivered to the subject of 
approximately 2.2 mSv;(dose equivalent conversion factors were taken from [CR085]). 
The improvement in the evaluated detection limits was attributed mainly to the better 
detector neutron shielding which has resulted in the depression of the contributions 
from the interfering germanium peaks.
As an alternative to the ’prompt’ technique of determining chlorine, a series of 
measurements exploring the feasibility of using the ®^ CI (n,y) Cl were carried out. 
The reaction product 01 emits gamma-rays of energy 660 keV and its relatively 
short half-life of about 0.74 seconds favours the use of the ’cyclic’ activation technique. 
Despite the high concentration ie. about 13,000 ppm, of chlorine present in the 
phantom and the many variations made in the timing parameters, the 660 keV peak 
was not observed in the accumulated spectrum; ( the total ’cyclic’ experimental time 
was restricted to 1800 seconds in these measurements ). Using the ’cyclic’ activation 
equation. Equation 1.8, the theoretical detection limit for measurement of Cl via the 
detection of 660 keV gamma-ray emissions of 01 for: t, = t,. = 2 s, t^ = 0.5 s and 
n = 360, was calculated to be about 5.6 x 10 ppm.
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3.4.3 Measurement of Nitrogen Using the GefLi) and the NalfTI) Detectors
In the measurement of nitrogen the prompt gamma-ray spectra were collected 
employing both the Ge(Li) semiconductor type detector and the Nal(TI) 76.2 mm 
diameter x 76.2 mm height scintillation detector for reasons of comparison. The 
irradiation/counting period was set at 1800 seconds. Fig.3.5 shows the relevant section 
of the 4k spectrum obtained in the measurement using the Ge(Li) detector where the 
phantom was filled with a solution containing 4.9% by weight concentration of nitrogen. 
As well as the 10,829 keV full energy prompt peak of nitrogen, the single escape 
10,318 keV and double escape 9,807 keV peaks were also observed. Results of the 
comparison between the signal to noise ratios of the three peaks favoured the use of 
the single escape photopeak in the subsequent analysis. Measurements using different 
concentrations of the element, followed by similar analysis to that described in section
3.4.2 revealed a detection limit of 1.95% by weight of nitrogen.
Using the Nal(TI) detector for the determination of nitrogen, similar spectral 
analysis method to that employed by Ryde et al [RYD89] was adopted. The technique 
required the summation of the channel contents in the energy region between 9.7 MeV 
and 11.1 MeV ie. containing the full, single and double escape peaks of nitrogen, and 
subtracting the integrated counts in the same energy region obtained using the 'blank' 
ie. phantom filled with water only. Fig.3.6 and Fig.3.7 show the relevant sections of the 
spectra obtained from the irradiation and counting of the phantom containing water 
only and the solution containing 4.9% by weight of nitrogen respectively. 
Measurements using solutions with various concentrations of nitrogen yielded a 
detection limit of 1.55% by weight of this element.
Comparison between the detection limits obtained using the two detector types 
indicated better results when the Nal(TI) detector was employed for the measurements. 
A main disadvantage in employing this detector however is the problem of pulse pile- 
up. Yankuba and his coworkers have suggested a computational method of correcting 
for the effect by determining the time characteristics of the detection system using a 
dual-channel pulse generator [YAN89].
Matthews used the same experimental and analytical technique in the
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determination of nitrogen and has reported detection limits of 1.25% and 1.2% by 
weight, employing the Ge(Li) and Nal(TI) detectors respectively [MAT79]. The higher 
detection limits found in the present study are attributed mainly to the greater amount 
of the neutron shielding material incorporated around the detector ie. due to the sharp 
fall in the neutron flux with depth into the phantom, section 2.3.3, a lower activation per 
unit volume viewed by the collimated detector was achieved in the present study.
3.4.4 Simultaneous Measurement of Selenium and Cadmium
In the course of these measurements a cylindrical nylon container of 
dimensions 125 mm diameter and 100 mm length was filled with the appropriate 
solution of SeOg and CdClg to achieve the desired concentrations of Se and Cd; the 
container, which was assumed to represent the human liver, was then placed, with its 
polar axis on the horizontal plane at x=y=0, at a depth of 10 mm along the central z- 
axis of the water filled perspex phantom. The experimental technique of simultaneous 
cyclic and prompt neutron activation analysis has already been outlined in section 2.5. 
The counting time (which was set equal to the irradiation time for optimisation reasons) 
per cycle was set at 13 seconds. The waiting time between the end of each 
irradiation period and the commencement of counting should ideally be set at zero, but 
in practice the minimum waiting period was limited by the finite source transport time 
between the irradiation and shielded position; the transport time was found to be 500 
+ 10 ms. Details of the irradiation/counting control mechanism have been outlined in 
section 2.5.
The total number of cycles in a given measurement was chosen as 65, 
amounting to a total 'delayed' counting period of 845 seconds. At the end of the cyclic 
activation procedure, the total irradiation time corresponding to the collection period 
of the prompt spectra was also 845 seconds. Prompt activation/counting was therefore 
continued for a further 955 seconds to obtain the spectra for a total irradiation/counting 
period of 1800 seconds.
The first measurements were performed with no selenium or cadmium present 
in the irradiated volume ie. the phantom.was filled with water only. Fig.3.8 and Fig.3.9 
show the relevant sections of each of the acquired 4k spectra in the determination of
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the two elements. The prominent peak ( number 1) in Fig.3.8 is due to the 139.7 keV 
^^ "’ Ge gamma-ray emissions and the significant photopeak at about 162 keV ( peak 
number 2 ) lies on the expected position of the ^ '^"Se (Ti/g = 17.6 s )  fuii energy peak. 
Bunting and Kraushar have acknowledged the presence of this interfering background 
peak in their study of short lived activity produced in neutron irradiated Ge(Li) detectors 
but have not given any explanation as to its origins [BUN74]. Nicoiaou on the other 
hand has after a series of measurements concluded that the main contribution to this 
peak is from a sum peak of the lead x-rays produced in the shielding and coliimating 
material [NIC83].
Successive irradiation/counting measurements were performed with the 
phantom fiiled with water only and the half-life of the 'background' peak at around 162 
keV was estimated to be 48 + 7 seconds. Examination of the full width at half and 
tenth maximum height of the full energy photopeak indicated that there was more than 
one source contributing to this peak. Apart from the possible contribution from a sum 
peak of the lead x-rays ie. 75 keV (K aJ and 87 (Kp g), there are two other probable 
sources which may contribute to this peak:
(i) Through the production of Se via the ^®Se (n,y) Se reaction within the 
detector. ^®Se may be produced as the impurity within the detector through the 
following path:
"^*Ge (n,y) ^^Ge P' ( %i/2 = 82 minutes ) ^®As followed by 
^®As (n.y) ^®As _+ p ' = 26 hours ) _4 ^® Se ;
(ii) 159 keV emissions from the decay of ^^"*Ge ( = 54 s ) produced within the
Ge(Li) detector through the ^®Ge (n,y) ^^ "’Ge reaction.
The experimentaliy determined half-life of the interfering peak ie. 48 + 7 
seconds, gives added support to the probable contribution from the ^®Ge (n,-^ ^^ '" Ge 
reaction. The possibility of the presence of other sources may not however be 
overlooked and further studies, perhaps involving the incorporation of 
shielding/collimation material other than lead and/or providing better detector neutron 
shielding arrangements, is necessary before final conclusions can be drawn as to the 
origins of this interfering background peak.
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Despite the presence of the interference from the ’undetermined’ source and 
the subsequent reduction in the signal to noise ratio, it was decided to proceed with 
the selenium measurements without altering the geometrical arrangement of the 
system. Fig.3.10 shows the relevant sections of the spectrum in the measurement of 
Se through the ^®Se (n,y) ^^ "’Se reaction. Using the 162 keV peak and after making 
the necessary corrections for the interfering peak, repeated measurements using 
different concentrations of selenium yielded a detection limit of 5.8 ppm for this 
element.
The most prominent peak in the energy region of interest for the measurement 
of cadmium using the 559 keV gamma-ray emissions is the 511 keV annihilation peak 
( peak number 2 ), Fig.3.9. The peak at about 500 keV ( number 1 ) was attributed to 
the emissions following the neutron interactions with the germanium within the 
detector. Neutron interactions with the lithium present within the lithium carbonate 
neutron shielding material lead to the appearance of the 538 keV peak in the spectrum 
( number 3 ). Peak number 4 which falls close to the expected position of the 559 keV 
cadmium photopeak was attributed to the 570 keV emissions from the decay of Pb 
( x\/2 = 0.8 s ). Pb is produced as a result of inelastic neutron scattering events 
within the lead photon shielding/collimation material. Both the 596 keV ( number 6 ) 
and 608 keV ( number 7 ) peaks are germanium peaks and originate from the detector 
material. Although these peaks are too far from the expected position of the 559 keV 
Cd peak, their presence may contribute to the background continuum under the 
photopeak of interest leading to a reduction in the signal to noise ratio of this 
photopeak. It is therefore desirable to minimise the intensity of these emissions by 
providing sufficient neutron shielding around the detector.
Fig.3.11 shows the relevant section of the prompt spectrum obtained from the 
irradiation/counting of the phantom with cadmium present. The Cd concentration in the 
nylon container in the corresponding measurement was 250 ppm and the total 
irradiation/counting period was 1800 seconds. The significant peak at 559 keV is due 
to prompt emissions from the neutron activated cadmium and is well resolved from the 
538 keV Li peak. There is however a small overlap between the 559 keV peak and the 
570 keV Pb peak. The correction for the contribution to the signal from the 
interference was made using the peak deconvolution technique ie. the ’fitted’ channel
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contents of the interfering peak in the measurements with no Cd presence were 
subtracted, in the overiap region, from the corresponding channei contents of the 
spectra with various cadmium concentrations present in the phantom. The caicuiated 
'net' peak areas and the values of 2 x ( associated background ) were then plotted 
against the cadmium concentrations in the corresponding measurements, Fig.3.12. 
Using the least square fitting technique, the equations describing the two lines were 
obtained and the detection limit defined as that concentration of cadmium giving rise 
to a signal equal to 2 x ( associated background) was found to be about 13 ppm ie. 
the concentration at the point of intercept of the two fitted lines.
Both Matthews [MAT79] and Nicoiaou [NIC83] have used the same irradiation 
facility ( prior to modification ) and the same technique for the measurement of Cd in 
the past. The reported detection limit for cadmium of 6 ppm and 10 ppm by these 
investigators,respectiveiy, are both lower than the finding of the present study. This 
can be explained by the indirect effect of the system modifications made in the present 
work. The additional space required between the water shielding tank and the detector 
for the positioning of the lithium carbonate filled bags and the extra lead shielding 
blocks, reflected in the increased distance between the detector central axis and the 
irradiated surface of the phantom. Since the thermal neutron flux profile 
measurements, section 2.3.3, indicated a sharp fail with depth into the phantom, the 
reaction rate per unit volume viewed by the collimated detector was smaller in 
measurements of the present study in comparison with the works of both Matthews 
and Nicoiaou.
The total dose equivalent delivered to a subject in the combined selenium and 
cadmium measurements is caicuiated to be about 2.2 mSv; ( dose equivalent 
conversion factors were taken from [CR085] ).
I l l
CHAPTER 4
DIAGNOSIS AND REGENERATION OF THE NEUTRON DAMAGED
Ge(Li) DETECTOR
4.1 INTRODUCTION
At the present, the two detector types of major importance in the field of 
gamma-ray spectroscopy above a few hundred keV are: (i) inorganic scintillation 
detectors and (ii) semiconductor detectors; Nai(Ti) and germanium based detectors 
have been the most dominant types of these two detector categories respectively.
Although the criteria for the choice of the detector is ’study’ dependent, the 
trade off between the counting efficiency and the energy resolution is often the most 
important factor in the decision making process.
Due to the high material density of the sodium iodide scintiiiators, the relatively 
high atomic number of iodine and given that Nal(Ti) detectors are available in large 
crystal sizes, they have relatively high detection efficiencies, ie. high proportion of 
events lying under the fuii-energy photopeak in the pulse height spectrum. However, 
the nature of the steps involved in the events which must take place in converting the 
incident photon energy to light and the subsequent generation of the electrical signal, 
means that the number of information carriers created in a typical interaction ( incident 
gamma-ray energies of a few hundred keV ) is usually no more than a few thousand. 
This leads to relatively large statistical fluctuations which are reflected in the 
unavoidable poor energy resolution of Nai(Ti) detectors. These types of detectors are 
not therefore suitable in applications where multi-energy gamma-ray spectroscopy is 
to be carried out.
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The information carriers in semiconductor detectors on the other hand, are 
eiectron-hoie pairs, created by the energy deposition process of the incident radiation. 
The average energy needed to produce one eiectron-hoie pair in semiconductor 
materials such as germanium is only about 3 eV; ( equivalent for Nal(TI) is about 30 
eV for 'light' production ). This translates to the formation of a large number of carriers 
for the typical photon energies employed in spectroscopy studies. The large number 
of carriers is reflected in smaller statistical fluctuations, leading to the superior energy 
resolution of semiconductor detectors. However, the smaller physical sizes of these 
detectors and the lower atomic number of germanium means that their full energy 
photopeak efficiencies are relatively low, ie. typically by about an order of magnitude 
lower than those of Nal(TI) detectors.
One of the major problems associated with the use of high resolution 
semiconductor detectors is their susceptibility to radiation damage. Although for lightly 
ionizing radiation such as photons, the effect on the detector performance tends to be 
relatively minor, for heavier particle radiation the effects can become significant.
Shortly after the initiation of the present study it was realised that the lithium 
drifted germanium detector used for in vivo neutron activation analysis ( 75 cm® 
volume; coaxial ), had suffered what was suspected to be fast neutron inflicted 
damage. The extent of the energy resolution degradation was such that the detector 
could no longer serve as a useful tool in these analyses. It was therefore decided to 
carry out an assessment of the degradation and explore the feasibility of on site 
detector regeneration.
Detailed discussion of semiconductor detector manufacture and operation may 
be found in the literature [KN079]. However, some of the more relevant topics will be 
outlined in the following sections to enable the reader to develop a clearer 
understanding of the nature of 'radiation inflicted damage' in semiconductor detectors 
and the principle of detector regeneration.
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4.2 PRINCIPLES OF SEMICONDUCTOR PHOTON DETECTOR
4.2.1 The Development of GefU) and HPGe Detectors
Due to their superior energy resolution capabilities, semiconductor photon 
detectors are well established in the field of photon spectroscopy. The feasibility of 
using semiconductors as radiation detectors was first demonstrated by McKay in 1949 
[McKA49]. He constructed a p-n junction by placing a phosphor bronze needle point 
on a germanium slice and despite the very small size of the sensitive volume ie. 10'® 
mm diameter, he was able to detect alpha particles.
The growing interest in semiconductors in the field of transistor manufacture 
during the following decade, resulted in the widespread availability of such material for 
radiation detector development. The difficulty was to manufacture detectors with 
sensitive volumes large enough to be of practical use in photon spectroscopy. It was 
therefore not before 1962 when Freck and Wakefield [FRE62] demonstrated the first 
practical germanium based lithium drifted photon spectrometer. The superior energy 
resolution of Ge(Li) detectors led to the widespread interest in the manufacture of 
larger and better quality crystals in the following years.
A major practical drawback in the use of Ge(Li) detectors has been the 
instability of the spatial distribution of lithium within the crystal at room temperature. 
It has therefore been absolutely necessary to use and continuously store these 
detectors at low temperatures ie. by using bulky liquid nitrogen dewars. This 
requirement places restriction both on the flexible use and storage of these detectors.
The more recent availability of germanium crystals in a very high state of purity 
has led to the development of ’High Purity Germanium', HPGe, detectors for use in 
photon spectroscopy. Although these detectors cannot be operated at room 
temperature , for reasons which will be outlined in later sections, the storage of such 
detectors at room temperature is made possible since the problem associated with 
lithium compensation is avoided.
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4.2.2 The Process of Charge Generation and Collection in Semiconductor Detectors
Photon energy deposition in matter in the energy range of interest occurs 
mainly by three basic processes [DAV51]:
(i) Photoelectric absorption,
(ii) Compton scattering and
(ill) Pair production.
Photoelectric absorption and pair production may result in ’total’ energy 
deposition within the crystal. There is the possibility however that one or both of the 
511 keV photons emitted from the annihilation of the positron created in the pair 
production process could escape, resulting in a ’partial’ energy deposition within the 
crystal. The amount of energy deposition in Compton scattering events on the other 
hand is variable and depends on the magnitude of the ’leaking’ scattered photons.
Although the main processes involved in photon energy deposition in the crystal 
is via the three mechanisms mentioned above, the large number of interactions that 
take place in the detector material, makes the overall energy deposition process 
complicated, it is often the case that more than one process may be involved, Fig.4.1.
The ’partial’ or ’total’ photon energy deposition in the crystal results in a large 
number of lattice excitations and eiectron-hoie pairs. The physics of eiectron-hoie pair 
production in semiconductor material has been treated extensively by other workers, 
[KN079]. Fano [FAN47] has carried out the theoretical treatment to estimate the 
statistical fluctuations in the number of ions produced by constant amounts of radiation 
energy. The Fano factor, F, is often used as an indicator of the crystal quality and is 
given by:
t- Observed Statistical Variation of the Electron-Hole Pair Yeiid (a -wF -----------------------------  — -------------------------------------  (4.1)
where E is the energy of the incident ionising radiation and e Is the average energy 
required to create an eiectron-hoie pair in the semiconductor detectors.
A lower Fano factor indicates a better detector energy resolution and provides a
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Fig.4.1 Energy deposition process within the detector.
’P.A.’ Photoelectric Absorption 
'C  Compton Scattering
'P.P' Pair Production 
'L' 'Leaking' scattered photon.
's.e.' Single escape of annihilation photon.
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Fig.4.2 ’Drift velocity’, V^, of electrons 
as a function of applied electric 
field per unit detector length, E, 
at different’absolute temp­
eratures’, in germanium 
[OTT75].
Electric field applied parallel to the <111> 
crystallographic direction.
10' 10'
E (V cm
10
Fig .4.3 ’Drift velocity’, V ,^, of holes as a 
function of applied electric field 
per unit detector length, E, at 
different ’absolute temperatures 
in germanium [OTT75].
Electric field applied parallel to the <111 > 
crystallographic direction.
E (V cm  ^)
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means of monitoring the performance of semiconductor detectors.
When a reverse bias is applied across the intrinsic region of the semiconductor 
detector, the charge liberated by the photon energy deposition mechanism is swept 
towards the electrodes ie. 'p' and ’n’ layers, giving rise to an output signal. The ’drift 
velocity’ of the electron-hole pairs at low to moderate electric field intensities is 
proportional to the applied field. At higher electric field levels however, the drift velocity 
increases more slowly with the applied field until a state is reached when a further 
Increase In the electric field level does not effect the drift velocity. Fig.4.2 and Fig.4.3 
are taken from [OTT75] and show the drift velocity of electrons and holes as a function 
of the applied electric field at different temperatures in Ge crystals. The saturation 
velocities are of the order of 10® mm per second, ie. the time required for an 
information carrier to travel 1 cm in these detectors is about 100 ns.
4.2.3 Information Carrier Trappino and Recombination
’Intrinsic’ semiconductors ie. completely pure crystals where the number of 
electrons in the conduction band exactly equals the number of holes in the valence 
band, are virtually impossible to achieve in practice. The electrical properties of ’real’ 
semiconductors tend to be dominated by the unavoidable presence of very small 
amounts of impurities. Some of these impurities eg. cadmium and zinc, introduce 
energy levels near the middle of the gap between the valence and the conduction 
band. These gaps can then act as ’traps’ for the charge carriers; once a hole or an 
electron is trapped in these gaps, it may be held for periods of time comparable in 
duration to the charge collection time, leading to a loss in the number of collected 
carriers. Some impurities on the other hand can introduce gaps in the energy band 
capable of trapping both electrons and holes. Such sites in the material act as 
recombination centres where some of the information carriers are lost and result in an 
overall reduction in the magnitude of the collected charge.
Structural defects in the crystal lattice can also introduce trapping and 
subsequent loss of information carriers. The defects can take the form of dislocations 
ie. the slippage of one crystal plane In relation to another, or point defects such as 
vacancies and interstitials. The cause of structural defects may be attributed to faulty
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crystal manufacture or post-manufacture crystal lattice effects such as radiation 
Inflicted damage.
4.2.4 Leakage Current and Energy Resolution
The efficient collection of charge carriers in semiconductor detectors relies on 
the presence of a large electric field across the active volume eg. up to a few thousand 
volts. Subsequently a finite conductivity is always present within the detector resulting 
in a steady-state 'leakage current' even in the absence of incident ionising radiation. 
The inherent random fluctuation in the leakage current can then obscure the small 
currents created by the incident radiation and contribute to the overall detector energy 
resolution degradation. The leakage current can originate from both: (i) the detector 
bulk volume and (Ii) the detector surface.
4.2.4.1 Bulk Leakage Current
Under the influence of the electric field created across the depletion region 
when a reverse bias is applied across the detector, the majority carriers that diffuse 
from the 'p' and 'n' regions to the edge of the depletion region are repelled away from 
the junctions. The minority carriers however, travel in the opposite direction resulting 
in a steady state current proportional to the junction area. Another source of bulk 
leakage current is caused by the thermal generation of electron-hole pairs within the 
depletion region. Depending on the gap energy of the semiconductor material, the 
contribution of thermally generated charge to the bulk leakage current can become 
significant. The contribution which increases for larger detector 'sensitive volumes’, can 
be reduced by cooling the detector.
4.2.4.2 Surface Leakage Current
Since the crystal edges have to be able to support relatively large voltage 
gradients, factors such as detector encapsulation, surface contamination eg. 
condensable vapours, and humidity can result in varying contributions to the leakage 
current. Although techniques such as the Incorporation of ’guard rings’ have been 
explored, the approach most often adopted has been to ensure cleanliness of
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encapsulation and improved crystal handling procedures.
Apart from the obvious effect of a large leakage current on the detector energy 
resolution, there is a 'secondary' consideration that must be addressed during detector 
operation. Since the crystal is usually placed in series with a resistor for signal isolation 
purposes, a high leakage current would mean that a greater voltage drop occurs 
across the resistor and thetrue bias voltage is therefore lower than the recommended 
value.
The leakage current measurement can be useful not only in the day-to-day 
operation of the detector as a monitor of performance but can also be used as a long 
term indicator of detector condition and possible crystal deterioration eg. by radiation 
damage.
4.2.5 Lithium Drifted Germanium Detectors
4.2.5.1 Fabrication
The main problem encountered in the manufacture of semiconductor detectors 
suitable for photon spectroscopy Is the fabrication of large active volumes. This is 
necessitated by the large penetrating capabilities of photons in the energy ranges of 
interest in the field of spectroscopy.
The technique of ion drifting which can be applied to manufacture detectors 
with large active volumes was first demonstrated by Pell in 1960, [PEL60]. By creating 
a large region of compensated material ie. where the number of acceptor impurities 
is exactly matched by the number of donor impurities, the properties of the 'pure' 
intrinsic material are mimicked so far as radiation detection requirements are met. 
However, the exact balance cannot be achieved by adding the appropriate amount of 
impurities at the time of crystal formation and therefore the crystal always tends to be 
either 'p' or 'n' type depending on the nature of the added impurity.
The best available purity in germanium crystals tend to be 'p' type and lithium 
serves as the most practical compensating impurity since it is the only donor impurity
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that can be Introduced Into the crystal In sufficient quantities.
The first step in the fabrication process is the creation of an ’n’ type region on 
one side of the ’p’-type crystal by diffusing an excess of lithium through this surface. 
The crystal Is then reverse biased at an elevated temperature ( to increase the mobility 
of the lithium atoms ), to draw the lithium into the 'p' type region. The very nature of 
zero-charge distribution requirement ensures that an equilibrium is established within 
the crystal and exact compensation is achieved as the lithium ions drift further into the 
crystal.
However, it has been shown [LAU69] that the exact compensation between 
lithium donor and acceptor impurities can be upset by the presence of thermally 
excited electron-hole pairs during the drift process. To overcome this problem, a longer 
duration 'clean up’ drift is carried out in addition to the process outlined above, at a 
much lower temperature. Since the normal operating temperature of the detector is 
much lower than the second drift temperature, the effect of thermally excited electron- 
hole pairs is never completely removed but with careful fabrication techniques the 
amount of ’uncompensation’ can be kept below about 10® per cm ® [KN079].
The mobility of lithium within the detector at room temperature Is high enough 
to cause its redistribution from the ’compensated’ state and for this reason, lithium 
drifted germanium detectors must be constantly operated and stored at very low 
temperatures eg. 77 °K which is the liquid nitrogen temperature. Present technological 
limitations mean that the maximum depth of compensation achievable is about 15 to 
20 mm. To achieve iarger active volumes coaxial detectors have been manufactured 
where the lithium is drifted from the outer surface of a cylindrically shaped crystal. 
Fig.4.4, and active volumes of up to 150 cm® have been achieved, [FOW72].
42 .5 .2  Trapping and Detector Energy Resolution
The main advantage of Ge(Li) detectors is their superior energy resolution 
capability. The overall energy resolution of a Ge(Li) detector is mainly governed by:
(I) The inherent statistical spread in the number of collected information
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Fig.4.4 Schematic diagram of a ’true coaxial’ Ge(Li) 
detector.
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carriers ie. electron-hole pairs,
(ii) Variations in the charge collection efficiency and
(iii) Contributions of electronic noise.
Of these, the contribution of electronic noise is the least related to the status 
of the detector crystal and depends mainly on the level of noise present in the 
electronic components following the detector.
It is often assumed that the observed pulse height spectrum from Ge(Li) 
detectors varies linearly with the energy imparted by the incident radiation in the 
crystal. However, due mainly to charge carrier loss by trapping or recombination, 
varying degrees of pulse height non-linearity have been shown to exist. Another effect 
of 'trapping' is to cause significant energy resolution degradation, mainly because the 
amount of trapping can vary from event to event depending on the distance that the 
carrier must travel within the crystal before it is collected.
4.3 FAST NEUTRON DAMAGE IN GERMANIUM DETECTORS
The general field of radiation damage in semiconductor material has been 
addressed by many workers [CHAD65], [LANN81], [HAYE85] and has been the topic 
of discussion in various conferences [GATL59], [PRAG61], [READ73].
Details of the defect generation process has been treated by very early workers 
such as Brooks [BR059]. Crawford et al [CRA59] and Gossick [GOS59] during the 
same period have examined the concept of large disordered regions produced by 
effective short range recoils from fast neutron interactions within the germanium 
crystals. Their conclusions were inferred by Vook and coworkers [V0059], [V0062] 
through measurements of length and resistivity changes in germanium upon electron 
and deuteron irradiation. A comprehensive discussion and literature review of the 
mechanisms involved in the energy deposition by fast neutrons in germanium has 
been carried out by Kraner [KRA80].
122
Most of the studies which have been carried out in the field of radiation 
damaged detectors have employed high purity germanium crystals. The reasons for 
this choice are: (i) HPGe crystals can be annealed or temperature cycled without 
detriment to the detector requirements and (ii) since they are not ’compensated’ and 
are relatively pure, the complications related to the presence of interstitial lithium are 
absent in the damage and annealing processes.
Chasman and coworkers [CHA65] studied the pulse height spectra from a 
Ge(Li) detector bombarded with mono-energetic neutrons. They reported no 
deterioration of the detector energy resolution after a total fast neutron exposure of 
about 10 "  n per cm ^
However, the first purposeful investigation of fast neutron damage in 
germanium based detectors was carried out by Kraner and his coworkers in 1968 
[KRA68]. They exposed several small planar Ge(Li) detectors to mono-energetic 
neutrons of energies 1.1, 5.75 and 16.5 MeV and measured the leakage current, 
capacitance, pulse rise-time, energy resolution and pulse height decrease as a function 
of the neutron dose. They found that the degradation of the detector energy resolution 
was the most notable effect and occurred at exposures of about 1 x 1 0 ' °  neutrons per 
cm ^ Fig.4.5 is taken from this work and illustrates the kind of energy resolution 
degradation that could be expected. Using a collimated beam of gamma-rays from a 
°°Co source incident on the detector edge near the n + contact and also near the p"^  
contact, they showed that the energy resolution degradation was mainly due to hole 
trapping. Fig.4.6 which is also taken from their work shows the dependence of puise 
height on the carrier type. It can be seen that when the holes have to traverse the full 
detector length the trapping is more pronounced.
Stelson et al [STE72] irradiated a 30 cm ° coaxial Ge(Li) detector with neutrons 
from a plutonium-beryllium source. They used the 2.614 MeV gamma-rays of ^°°TI to 
monitor the energy resolution of the detector and found that the onset of energy 
resolution degradation occurred after an irradiation of about 5 x 10^ neutrons per cm .^ 
They also reported that the gamma-ray peak width increased by more than 50% for 
an irradiation of 6 x 10® neutrons per cm The lower neutron exposure values 
required for a notable change in the energy resolution degradation in their study
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Fig.4.6 Dependence of pulse height on 
the carrier type obtained using a 
collimated gamma-ray beam from
a °°Co source, incident:
(a) near the p " contact for zero 
Ge(Li) detector irradiation,
(b ) (b) near the n " contact for a 'total'
5.75 MeV neutron exposure of 
6.7 X 10 '°n cm of the detector,
(c) near the p contact for a 'total' 
5.75 MeV neutron exposure of 
6.7 X 10'° n cm of the detector.
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compared to the work of Kraner et al [KRA68] can be explained, at least in part by 
their detector geometry ie. in coaxial detectors, the holes ( which largely originate in 
a low field region ) have to traverse the full volume of the crystal.
Goulding et al [GOU72] have reported their findings with regard to neutron 
damage in germanium and silicon detectors. They observed severe spectral 
deterioration for neutron exposures greater than about 10' °  neutrons per cm  ^ for 
Ge(Li) detectors and noted the primary effect to be the introduction of hole
traps.
Liacer et al [LLA72] exposed planar HPGe detectors to 1.6 MeV neutrons and 
reported the unset of resolution degradation to occur at an integrated dose of 
approximately 10' °  neutrons per cm ^ They compared these findings with a Ge(Li) 
detector and found no great damage susceptibility difference between the two detector 
types.
Kraner et al [KRA75] carried out fast neutron radiation damage experiments 
using both HPGe and Ge(Li) detectors. They found no difference in the neutron 
damage susceptibility between the two detector types and reported an initial energy 
resolution degradation for integrated neutron exposures of about 3 x 10° neutrons per 
cm I
Pehl et al [PEH79] compared the neutron radiation damage susceptibility of 
coaxial HPGe detectors which have opposite electrode configuration from one another 
employing neutrons from a Cf source. They reported that the conventional 
electrode devices ie. with the n + contact on the periphery, were about 28 times more 
susceptible to neutron damage compared to the devices with the p + contact on the 
periphery. Their finding is not surprising since the defects act predominantly as hole 
traps.
The influence of material parameters on fast neutron radiation damage of 
HPGe detectors was investigated by Hubbard et ai [HUB80]. They exposed HPGe 
detectors containing differing concentrations of hydrogen, silicon and oxygen to fast 
neutrons from a Pu-Be source and measured the energy resolution as a function of
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neutron flux, electric field, delay after application of bias and detector thickness. They 
reported an upper limit of 40% increase in the damage resistance for two detectors 
one grown in nitrogen and the other in hydrogen and annealed.
4.4 GefLI) DETECTOR ANNEALING AND REGENERATION
Various workers have reported different detector regeneration procedures 
following neutron induced radiation damage with varying complexities and degrees of 
success. Kraner et al [KRA68] warmed a neutron damaged Ge(Li) detector to room 
temperature ie. 30 ° C and carried out a ’clean up’ drift at 400 V for several days 
followed by detector etching. Upon return to the liquid nitrogen temperature they 
reported a full detector energy resolution recovery.
Stelson et al [STE72] attempted to regenerate their damaged Ge(Li) detector 
by warming it to room temperature but were unsuccessful. Goulding et al [GOU72] 
have reported their findings and experience with a neutron damaged Ge(Li) detector. 
During successive warming of the detector to 25 °C  whilst in its holder, they observed 
an initial increase followed by a decrease in ’trapping’ and an increase in the 
concentration of active acceptors. Eventually they found that the detector could no 
longer sustain the applied operational bias voltage. Complete detector recovery was 
achieved by a reheat to 400 °C and three days of drifting under normal drift conditions.
Baader et al [BAA74] have described a procedure for the regeneration of 
neutron damaged Ge(Li) detectors inside the cryostat. They carried out a slow 
warming of the detector to room temperature at a bias of 50 to 100 V, with 
simultaneous pumping and outgassing to sustain the cryostat vacuum. They followed 
this by detector warming to 40 °C for about one hour during which time the coid finger 
was cooled to liquid nitrogen temperature. At the end of this period they allowed the 
detector to cool to the liquid nitrogen temperature by turning off the heater element. 
They reported successful regeneration of four neutron damaged Ge(Li) detectors by 
repeating the above procedure.
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Walford [WAL72] published his experience with the redrift of a small Ge(Li) 
crystal ie. 0.6 cm®, which had developed energy resolution degradation after being left 
at room temperature for several hours by mistakes. By bringing the crystal up to room 
temperature under a small bias voltage and return to liquid nitrogen temperature, 
followed by a second stage carried out at -10 ° C  and return to liquid nitrogen 
temperature, he reported full regeneration of the detector. MacCuaig [MacC86] 
followed a similar procedure but for a larger detector ie. 40 cm ®. He described a 
simple re-drift procedure that allowed regeneration of the 'thermal' damaged Ge(Li) 
detector whilst it was held within the cryostat.
4.5 EXPERIMENTAL PROCEDURE AND RESULTS
Soon after the start of the present work it was noticed that the Ge(Li) detector 
used for in-vivo neutron activation analysis had suffered what was suspected to be 
radiation inflicted damage. A quantitative analysis of the detection system was 
therefore undertaken to assess the extent of the inflicted damage and also to attempt 
on site regeneration of the detector. The parameters used for the detector damage 
assessment were: (i) the contribution of different sources to the 'total' energy resolution 
ie. Full Width Half Maximum height of the photopeak, FWHM^, of the detector, (ii) the 
Fano factor, F, and (iii) the leakage current present in the detector.
4.5.1 Damage Assessment
4.5.1.1 Detector Energy Resolution at the Operational Voltage
The most important and notable feature of detector deterioration was a severe 
energy resolution degradation. Fig.4.7 shows the variation of the FW HM j with gamma- 
ray energy for the Ge(Li) detector under observation. All measurements were carried 
out using standard point reference sources placed centrally at 250 mm from the 
detector face. Fig.4.8 which is taken from the work of Nicoiaou [NIC83] shows the 
variation of FWHM^ with gamma-ray energy for the same detector prior to damage. 
Altaf [ALT85] also measured the energy resolution of the same detector and has
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Fig.4.7 Variation of the ’total’ Full Width at Half Maximum height, 
FWHMp of the photopeak with incident gamma-ray energy 
measured for the damaged Ge(Li) detector.
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Fig.4.8 Variation of the ’total’ Full Width at Half Maximum height, 
FWHMj, of the photopeak with incident gamma-ray energy 
measured for the Ge(Li) detector prior to damage [NIC83].
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quoted a FWHM^ value of 2.2 + 0.2 keV at the 1332 keV gamma-ray energy of ®°Co. 
This is in close agreement with the value quoted by Nicoiaou [NIC83] of 2.12 + 0.14 
keV. The corresponding FWHMy value after detector deterioration was found to be 14 
+ 1 keV, a degradation by a factor of about 7.
4.5.1.2 Contribution from Different Sources to Photopeak FW Ht^j
The major sources of photopeak widening have been outlined in section 
4.2.S.2. The overall Full Width at Half Maximum height of the photopeak, FWHMp of 
a Ge(Li) detector can be expressed as:
FWHM -  F W H M * F W H M * F W H M (4-2)
where FWHMg is due to the statistical spread in the number of collected information 
carriers; FWHM  ^ is due to the charge collection efficiency and FWHM  ^ is the 
electronic noise contribution.
The contribution of FWHMn to the FWHM-r ie. the electronic noise contribution, 
was measured by supplying the output of a precision puiser to the detector preamplifier 
and the subsequent recording of the peaks at different puiser output amplitudes. All 
measurements were made with the detector connected to the preamplifier in its normal 
operation mode so that capacitance loading of the preamplifier input was typical of 
conditions under actual use. Using the recorded spectra, the FWHM for different 
’energies’ was deduced and its value was found not to vary significantly with increasing 
pulse amplitude ie. 1.3 + 0.5 keV.
It is thought that for an infinite detector bias voltage, charge collection efficiency 
would approach 100% and equation 4.2 would be reduced to:
\ F W H M j ^  •  FW HMs^ + (4.3)
The contribution to FWHM y of the statistical spread in the number of collected 
information carriers, FWHMg, would then be given by:
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F W H M g - { F W H M r ^  -  (4.4)
FW HM jand FWHM ^  values were measured at different full energy photopeak 
energies for varying detector bias voltage and the variation of {F W H M / - FWHM 
against the reciprocal of the bias voltage was plotted on a linear scale, Fig.4.9. The 
FWHMg at different full photopeak energies was derived from the intercepts of the 
lines with the y-axis, ie. the 1/V = 0 line, corresponding to 100% charge collection 
efficiency.
Having evaluated: (i) the contribution of the statistical variation in the number 
of collected information carriers and (ii) the system electronic noise contribution to the 
FWHMy, the term in equation 4.2 due to the charge collection efficiency, FWHM^, was 
calculated ( by subtracting in quadrature ) for different gamma-ray energies at the 
operational detector bias voltage ie. 4800 V. Table 4.1 summarises the contribution 
from different sources to the FWHM j  at the manufacturer’s recommended bias 
voltage.
The evaluated FWHM g variation with the full photopeak energy allows the 
determination of the Fano factor, F, of the detector using the relationship [KN079]:
F W H M -  ( 2.35 ) *.e .£F  (4-5)
where e is the energy necessary to create one electron-hole pair in the detector 
material and E is the energy of the incident photon.
Fig.4.10 shows the plot of FWHMg against the square root of the gamma-ray 
energy. The gradient of the line was used ( Equation 4.5 ) to calculate the detector 
Fano factor; F was found to be 1.7 ±  0.2 ie. higher than usually expected from an 
undamaged Ge(Li) detector by a factor of about 20 [KN079].
4.5.1.3 Observation of the Photopeak Shape
Apart from the increase in the value of the full width at half maximum height of 
the photopeaks at different energies, the most notable feature in the spectrum was the
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Table 4.1 Summary of contributions from different sources to tfie 
detector FWHM-r at a bias voltage of 4800 V.
Photon
Energy
(k e V )
FW HM t 
( keV )
FWHMg 
( keV )
FW HM d
(k e V )
FW HM n 
( keV )
511 6.26 + 0.7 3.8 + 0.5 4 .8 +  0.5 1 .3 +  0.5
662 7.66 + 0.7 4.3 + 0.5 6.2 + 0 .5 1 .3 +  0.5
1173 13.12 + 0.8 5.8 + 0.5 11.7 + 0.5 1 .3 +  0.5
1275 13.84 + 0.8 6.0 + 0.5 12.4 + 0.5 1 .3 +  0.5
1332 13.97 + 0.8 6.1 + 0.5 12.5 + 0.5 1 .3 +  0.5
I
w
Î
40.0
( Gamma-ray energy ) ( keV )
Fig.4.10 Variation of FWHM g with the square-root of the 
incident gamma-ray energy.
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asymmetric nature of the peak widening ie. a long low energy ’tail’ was observed while 
the high energy side of the peak was nearly as steep as in the case of an undamaged 
detector. Although it is difficult to quantify this effect, a qualitative investigation was 
carried out by recording the photopeak shapes at different incident gamma-ray 
energies. Fig.4.11 shows the ’tailing’ of the photopeaks at various gamma-ray 
energies; it can be seen that the effect Is more notable at higher energies.
4.5.1.4 Evaluation of the Detector Leakage Current
The importance of monitoring the detector ’leakage current’ and Its ’sources’ 
have already been discussed in section 4.2.4. An ammeter made In the Department, 
Fig.4.12, was connected in series with the detector and the leakage current within the 
crystal was monitored for varying applied bias voltages, Fig.4.13.
During these measurements, special attention was paid to the electrical 
isolation of the ’detector, ammeter, power supply’ set-up to avoid the effect of stray 
currents. The experimental uncertainty associated with the leakage current 
measurements was found to be within 5%.
4.5.1.5 Summary of Observations
A summary of the contributions from different sources to the total photopeak 
Full Width at Half Maximum Height, FWHM^ of the damaged Ge(LI) detector has been 
given in Table 4.1. The fall in the charge collection efficiency, reflected in the high 
value of FWHM g, and the enhanced statistical spread in the number of collected 
information carriers ie. large value of FWHMg, were the main consequences of the 
inflicted damage. These effects together with the observed ’tailing’ on the low energy 
side of the photopeak, Fig.4.11, have been reported by many workers, [KRA68], 
[KRA75], [KRA80] and [GOU72] as typical features of neutron damaged Ge(Li) 
detectors.
The creation of various types of defects in germanium crystals has been 
studied by many workers such as [GOS59], [CRA59] and [DAR80]. These defects 
have been found to have an ’acceptor’ nature [CLE51], [CLE55], and therefore act as
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Fig.4.12 The ammeter used for leakage current measurements.
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hole traps. The dominance of hole trapping over electron trapping in neutron damaged 
detectors has been further established by Pehl et al [PEH79], ( see section 4.3 ).
The amount of neutron dose received by the detector could not be established 
mainly because of the nature of experiments for which the detector was used. 
However, it has been reported by other workers that notable energy resolution 
degradation in Ge(Li) detectors occurs at exposures greater than about 1 x 10^° 
neutrons cm ^ [KRA68], [KRA80], [G0U72].
The extent of the energy resolution degradation placed severe limitations on 
the use of the detector as a tool for in vivo multi-element neutron activation analysis. 
The high cost of either repiacement or commercial regeneration provided sufficient 
reason to attempt ’on-site’ repair, especiaiiy as previous experiences with Ge(Li) 
detector regeneration within the department had been successful.
4.5.2 Cold Redrift of the Detector
Walford [WAL72] and MacCuaig [MacC86] had in the past, carried out ’cold 
redrift’ procedures and successfully regenerated damaged Ge(Li) detectors in this 
department. Although the detectors they employed were damaged by accidental warm 
ups to room temperature, it was decided to attempt the regeneration of the neutron 
damaged Ge(Li) detector by following the procedure described by these workers. It 
was anticipated that at an elevated temperature and the presence of an applied bias 
voltage, re-compensation of the detector would occur and that the net effect would be: 
(I) a fall in charge carrier trapping and (ii) a fall in the detector leakage currents.
The principle of cold drifting has been outlined by Walford [WAL72]. During this 
process the compensation is improved at a rate which is dependent on the drift 
temperature, applied bias voltage and the duration of the drift process. Depending on 
the detector condition, lithium precipitation is always present at temperatures of about 
- 20 °C  or above. The balance between improving compensation and the amount of 
precipitation can be achieved by monitoring the leakage current, le. leakage current 
increases with increasing lithium precipitation and falls with improved compensation. 
Therefore while the net leakage current falls, the continuation of the cold drift is
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beneficial. When the point of maximum 'achievabie' compensation for the given 
conditions is reached, the leakage current would start to rise and any further drifting 
results in excess undesirable lithium precipitation. If the minimum leakage current is 
to be observed, it is of great importance to maintain a ’constant’ drift temperature, 
otherwise the optimum cold drift duration would be undefined.
4.5.2.1 Experimental Set-up for the Redrift Procedure
Fig.4.14 shows the experimental set-up used for the cold redrift procedure. The 
’constant’ temperature bath was provided by using a commercially available plastic 
’bin’. A mixture of 40% antifreeze and 60% water, total volume 30 litres, was made in 
the bin, which in turn was surrounded by ’plastic foam’ in order to insulate the mixture. 
The cooling of the mixture was achieved by adding liquid nitrogen. The large volume 
of the mixture and the insulation around the bin ensured maintenance of a relatively 
stable temperature. A thermocouple-digital voltmeter combination was used for mixture 
temperature monitoring. In preliminary observations, the change in temperature was 
found to be approximately 0.5 °C  in 60 minutes at -20 °C.
Walford [WAL72] recommended an applied bias voltage during cold redrift of 
about 100 volts per mm of the depletion region. Since the detector used in this study 
had a depletion layer thickness of about 14 mm, it was decided to apply a steady 
voltage of 1400 V during the cold redrift. To this end, two power supplies were used, 
a Nuclear Enterprise 4660 high voltage supply and an ’old’ Oltronix LS 529R. The 
reason for using the second power supply was the low current output capability of the 
Nuclear Enterprise model 4660, ie. its maximum nominal current output was 2 mA; the 
Oltronix could produce currents of up to 50 mA.
To avoid ’run away’ currents and also to overcome the 650 V ’step start’ of the 
Oltronix power supply, an electrical circuit was made, Fig.4.15, and employed. The 
leakage current was monitored using a specially designed digital ammeter placed in 
series with the detector, Fig.4.12.
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Circuit 
Fig.4.15 )
Ammeter
Ge(Li) detector
power supply
NE4660 Oltronix LS529R
power supply
Fig .4.14 The experimental arrangement used for cold redrift procedure.
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► f
3 kV
10 Ohm
16W
Fig.4.15 Interface circuit.
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4.5.2.2 Redrift Procedure and Results
The antifreeze water ’bath’ was cooled to -19 °C  by adding in liquid nitrogen 
and stirring the mixture. The mixture’s temperature was monitored and once steady 
state was reached, the detector’s cold finger was withdrawn from the liquid nitrogen 
filled dewar and was immersed into the -19 °C  bath.
Initially a bias voltage of 250 V was applied to the detector and gradually 
increased ie. over 75 minutes, to the cold redrift voltage of 1400 V. During this 
transition period, the leakage current was carefully monitored in order to detect the 
onset of possible ’run away’ currents which could lead to ’total’ and ’irreversible’ 
detector damage. Liquid nitrogen was added to the mixture ’bath’ in order to maintain 
the steady temperature requirement ie. -19 + 0.5 ° C.
Fig.4.16 shows the variation of the detector leakage current with time as the
redrift process continued. The leakage current reached a steady level of 8.20 + 0.01
p,A at the 1400 V bias voltage after about 80 minutes. The steady conditions were 
maintained for a further period of about 250 minutes. At this point the cold finger was
removed from the antifreeze-water mixture and immersed back into the liquid nitrogen
filled dewar. The detector housing was heated during the ’cooling’ process with a hot
air blower; this would cause any gases present in the container to freeze on the cold
finger rather than around the crystal. As expected the leakage current started to fall
and was 5.06 pA after about 60 minutes of cooling.
Fig.4.17 shows the similar behaviour reported by f^cCuaig [MacC86]. It was 
expected that if the regeneration procedure was successful, the leakage current would 
eventually fall to levels expected for an undamaged Ge(Li) detector ie. about 10*® A. 
However, after a further 15 hours at the liquid nitrogen temperature and at an applied 
bias voltage of 1400 V, the leakage current was observed to be about 96 nA, ie. higher 
than the value observed before the cold redrift process. After three days at the liquid 
nitrogen temperature, leakage current levels were recorded at different bias voltages, 
Fig.4.18. Comparison with the values obtained prior to the redrift process revealed that 
the leakage current levels had worsened. Examination of the spectra however, showed 
a ’partial’ Improvement in the photopeak ’tailing’ effect.
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Given the outcome of the redrift at -19 ° C it was decided to carry out a second 
coid redrift by repeating the procedure described above but at the higher temperature 
of -10 °C . Fig.4.19 shows the leakage current variation with time during the second 
redrift process. At the bias voitage of 1400 V, the leakage current settled at a value 
of 8.13 ±  0.01 \xA, slightly lower than the corresponding level during the first redrift. 
The steady state was maintained for 290 minutes before returning to the liquid nitrogen 
temperature. After 150 minutes of cooling, the leakage current fell to about 98 nA. The 
leakage current was recorded after a further 14 hours of cooling and was found to
have risen to 1.11 pA. The bias voitage was kept constant at 1400 V during all these 
measurements. However, the leakage current exhibited instability at this point and fell
to about 0.4 pA as successive measurements were recorded.
Suspecting that the condensation of gases ( present in the detector housing ) 
around the crystal was responsible for the high and unstable leakage current value, 
the detector housing was subjected to a cyclic sequence of heating to about 40 ® C. 
it was hoped that during this process the condensation would occur on the cold finger 
rather than around the crystal. Fig.4.20 shows the leakage current variation at different 
stages of the heating sequence. The bias voitage was kept constant at 1400 V and the 
final leakage current value achieved was 20 nA.
Re-examination of the photopeak spectrum revealed a total absence of 
photopeak ’tailing’, Fig.4.21 ; the detector bias voltage during spectrum collection was 
3000 V. However, the detector could not sustain levels of bias voltages greater than 
about 3500 V. At this point, it was decided to abandon the attempt of detector 
regeneration and to consider a ’complete reactivation’ of the detector.
4.S.2.3 Discussion of the Detector Regeneration Resuits
The outcome of the two redrift processes may be attributed in part to the 
enhanced lithium mobility. As pointed out in section 4.3, the main consequence of 
neutron inflicted damage in germanium detectors is the formation of crystal lattice 
defects which act as hole traps.
At the elevated temperature of the redrift process, the enhanced mobility of 
lithium ions causes an increased rate of iithium-defect interactions. These interactions
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0.40
Application of heating
0.30
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Fig.4.20 Variation of the detector leakage current during the ’heating’ 
sequence: (a) cycle started 1500 minutes after the start of the 
second redrift procedure, (b) cycle started 2810 minutes after 
the start of the second redrift procedure.
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Gamma-ray energy = 835 keV
500.0
û.
0.0
980.0970.0950.0940.0 960.0
Channel number
1500.0
Gamma-ray energy = 835 keV
1000.0
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500.0
0.0
940.0 950.0 960.0 970.0 980.0
Channel number
Fig.4.21 Photopeak tailing effect: (a) before redrift, (b) after redrift.
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result in the creation of very effective electron traps within the crystal [ARM70]. The 
formation of the electron traps depends not only on the number of crystal defects but 
also on the redrift temperature and duration. On the other hand, lithium precipitation 
which takes place in the presence of suitable nuclei, is responsible for the 'annihilation' 
of lithium ions and results in very effective hole traps; Gouiding et ai [GOU72] have 
reported a lithium precipitation rate of 10 atoms per cm ® per hour at 25 ° C.
Although no quantification of the lithium precipitation or the Iithium-defect 
interactions was undertaken, the fact that the ieakage current minimum was not 
observed indicates the dominance of these processes from the onset of the redrift 
procedure. The improvement in the photopeak shape ie. the absence of 'tailing' on the 
low energy side, can also be explained by the 'balance' of the traps formed during the 
processes outlined above.
The result of the heat cycle procedure which followed the redrift attempts Is 
thought to be due to the presence of crystal surface effects ( section 4.2.4.2 ). The 
condensation of gases present within the detector housing on the cold finger rather 
than on the crystal surface resulted in lower leakage current levels. The inability of the 
crystal to support bias voltages of greater than 3500 V can also be attributed to 
'surface' effects. Crystal surfaces are highly sensitive to impurities and they can result 
in the formation of n and p layers on the compensated germanium. Armantrout 
[ARM66] has shown that if these layers cross the p-l and i-n junctions, they can cause 
additional detector capacitance. This enhanced detector capacitance is often 
accompanied by low breakdown voltages and high leakage currents [MclN65].
Finally, the detector was referred to a 'commercial company' where a complete 
reactivation of the crystal was carried out at a cost of £3000. In a private 
communication, they reported that during pre-regeneration examination of the detector, 
no 'detectable' evidence of neutron damage was observed but they found a small leak 
in the detector vacuum enclosure. Their latter finding could then explain, at least in 
part, the surface effects encountered in the present study ie. the low breakdown 
voltage and the high leakage current.
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4.6 CONCLUSIONS
Germanium based semiconductor detectors are prone to radiation damage 
when used In high neutron flux environments. The exposure of these detectors to fast 
neutrons may be unavoidable due to the very nature of the experiments eg. in in vivo 
neutron activation analysis. In such cases, it is essential to provide adequate shielding 
from fast neutrons if severe detector performance degradation is to be avoided. The 
design of the appropriate detector shielding is study dependent, but in general the 
incorporation of a good neutron moderator such as paraffin wax, in conjunction with 
a strong neutron absorber eg. a lithium compound, is recommended.
A literature survey of reported data on the levels of neutron exposures for 
notable damage in germanium based detectors was undertaken, section 4.3. Although 
some discrepancies between the reported data exist. In general the values fall between 
10 and 10 neutrons per cm ^ The quantification of the neutron exposure may be 
carried out by the observation of the germanium photopeaks associated with 'neutron 
activation' of the crystal. The detector's long term performance may be assessed by 
monitoring the leakage current levels or by direct observation of the photopeak shape 
and energy resolution.
The main conclusions that may be drawn from the outcome of the detector 
regeneration procedure are:
1. The cold redrift procedure may be employed to regenerate 'thermally 
damaged’ [WAL72], [MacCSS], and neutron damaged detectors;
2. The complications associated with Iithium-defect interactions and lithium 
precipitation are the limiting factors in the successful detector regeneration 
using the cold redrift procedure;
3. The added complication of surface effects ( see section 4.2 4.2 ) due to the 
condensation of gases, present In the detector housing, on the crystal surface 
may dominate the outcome of any regeneration process. To overcome this 
problem the use of a suitable pump for the active outgassing of the vacuum
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system is highly recommended. Simultaneous 'light' heating of the detector has 
proved to be beneficial.
4. In situations where the 'defect' density dominates the detector electronic 
characteristics, a full crystal anneal and surface etching followed by a clean up 
drift may be necessary.
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CHAPTER 5 
SOLID ANGLE
5.1 INTRODUCTION
The solid angle, Ü, subtended by a bare or collimated detector at the photon 
emitting source is an important parameter in a variety of experimental situations, 
especially where an 'absolute' rather than a 'relative' measurement is to be made and 
quantitative results are sought. The general definition of solid angle subtended by a 
detector at point P with position vector rp is [MAS56]:
Cl p-  f  f l . ^  . rfS (5.1)
where r is the variable position vector of the surface element dS visible at P, n is the 
unit vector normal to dS pointing away from P and S is the surface of the detector over 
which the integration is to be performed, Fig.5.1. ( The angle between n and r - rp 
is always less than or equal to ti/2  ).
Evaluation of the solid angle has been carried out for different source to 
detector geometries by: (I) the analytical approach employed by workers such as 
Maskat et al [MAS56], Konijn and Tollander [KON63] and Gardner and Verghere 
[GAR71], and (ii) the Monte Carlo technique adapted by others such as Williams 
[WIL66], Belluscio et al [BEL74], Horowits et al [HOR75] and more recently by 
Nicolaou et al [NIC83],[NIC86].
The reported analytical solutions consist of numerical integrations or a series 
expansion of the integral. Approximate solutions of the equation or replacement of the
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Fig.5.1 Vector diagram of the solid angle subtended by the surface element dS at a 
point, P, [MAS56].
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original geometry by an approximation that can then allow the evaluation of the 
Integral, has been carried out by various workers. Gardner and Verghese [GAR71] in 
addition to their model have reported a brief but useful review of the analytical and 
numerical methods for solving Equation 5.1.
Although for point sources the analytical solution Is straight forward, the 
difficulty of solving the integral for complicated geometries is clearly anticipated.
Monte Carlo based techniques on the other hand, can be adopted to cope with 
a variety of geometries. They have been used successfully in many fields of radiation 
physics by workers such as [BER63], [FRI73] ( In dosimetric calculations ), [NAK70], 
[NAK72], [NAK75] and [BIR80] ( in detector efficiency calculations ). The aim is to draw 
Independent random samples from a given probability law whilst ’optimising’ to make 
efficient use of the computation time eg. the rejection scheme proposed by [WIL66] 
and th e ’total variance reduction’ technique adopted by [NIC86].
Most experimental arrangements involving the measurement of photons eg. in 
instrumental and in vivo neutron activation analysis and in emission and transmission 
tomography, employ detector collimation. In such studies the effect of photon 
penetration through the edges of the collimators is often roughly estimated or totally 
ignored. Those workers who have addressed the problem, have made various 
simplifying assumptions in evaluating this effect. Beck [BEC64], Harris et al [HAR64] 
and Mather [MAT57] have only considered point sources whilst Newell et al [NEW52] 
have assumed that the absorbing atoms are uniformly distributed through the volume 
of the collimator rather than arranged in discrete septa; this approximation puts 
limitations on the applicability of the method for small angles of incidence.
Jahns [JAH81], Miracle et al [MIR79] and, Rotenberg and Johns [ROT65] have 
used computerised ray tracing techniques to address the collimator septal penetration 
effect. However, the assumptions that they have made, means that their methods 
cannot be used for volumetric sources or for high photon energies, because of the high 
penetration capabilities of these photons.
Debertin et al [DEB82],[DEB83,[DEB85] have acknowledged the effect but have
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not considered photon energies above 122 keV.
Photon transport Monte Carlo codes such as [MCP79] can be employed to 
address the collimator septal penetration effect directly and accurately. However the 
difficulty associated with the implementation of such codes and also the ’generality’ of 
their purpose could be considered as major drawbacks.
The aim of the present study was to assess the contribution of collimator edge 
penetration effect to the solid angle, based on the Monte Carlo method proposed by 
Wielopolskie [WIE77] and Khrbish [KHR87]. Furthermore the goal of carrying out in 
vivo neutron activation analysis as an absolute method, suggested by Spyrou [SPY88], 
has been explored by:
(i) considering the ’source’ inhomogeneity due to the variation of the flux of the 
activating radiation within the target and
(ii) calculating the ’volume’ of interaction between the target and the collimated 
detector.
5.2 CALCULATION OF THE SOLID ANGLE
The programme is used to calculate a ’total’ and an ’effective’ solid angle 
subtended by a collimated detector at a homogeneous conical source. The method 
utilizes ’total variance reduction’ to make more efficient use of the computation time.
A ’total’ solid angle was defined as the solid angle subtended by a collimated 
detector at the photon emitting source containing up to a minimum set penetration 
fraction through the collimator edge; this was set at 1% throughout this study. The 
’effective’ solid angle on the other hand, was defined as the solid angle which contains 
the primary beam ( the ’geometric solid angle’ ), plus any contribution from penetrating 
photons normalised with respect to the primary beam.
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5.2.1 Solid Angle for an Inclined ’Sectioned’ Conical Homogeneous Source
.r
The programme uses a random number generator to simulate the isotopic 
emission of photons in the homogeneous source. The position of disintegration 
generated in this manner is given by ( Fig.5.2 ):
Z1 -  SL . ( Xr -  0.5) (5-2)
RS -  ( HE *Z1 ) . tan ( EPAN) (5-3)
R1 -  RS
P -  2 . n . X 3  (5 5)
where X I , X2 and X3 are three independent random numbers equi-distributed in [0,1]; 
RS is the radius of the cone at a given distance from the centre of the source, Z1 ; and 
HE is the height of the cone to the centre of the source. ( Note that for very large HE, 
the cone becomes approximately a cylinder ).
For an arbitrary source angle of inclination XAN and a source displacement of 
Die off the central axis of the detector, the variable position of the selected point in 
relation to the detector axis is given by:
P - { ( / ? / .  cos ( p ) )2 + (D /C + /?/. sin ( P ) . cos (X4/V) )2 + ( Z / . . . . .
J}_ w*®/
sin (XAN))^ - Z . R 1 . Z1 . sin ( p ) . sin (X4W) . ws(XAN)  ) ®
and:
H -  WO + Rr . sin ( P ) . sin ( XAN) * Z 1 . cos (XAN)  (5-7)
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S L
Fig.5.2 Geometric configuration of a collimated detector and a ’sectioned’ conical 
source.
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Using spherical co-ordinates, the isotopic emission into a solid angle dO within
a sphere of unit radius is given by:
C/Û -  sin ( 0 ) . c/0 . cfec (5-®)
where 0 and a  are the longitudinal and horizontal angles respectively. The fraction of 
radiation emitted in dQ, described by the density distribution P(0,a) is given by:
P (  0 , o ) . de . Cfa -  (5.9)
4. Tl
therefore [KHR87]:
P ( 0 ) _  i ! a l  O i O i T t  (5.10)
and:
P ( a ) - — 0 s o i 2 . j t  (5.11)
2
The random direction can be chosen by sampling these two equations. The
free selection of 6 and a  however is restricted in a way that each direction will go 
through the ’adjusted’, ie. penetrated, aperture of the collimator and intercept the
detector. Associated with the restrictions on 0 and a  are their respective weighting 
factors W1 and W2 which are independent since the two angles are equally
probable to occur. With W , = W1.W2, ie. the ’total weighting factor’ for any particular
selection of 0 and a, the ’total’ solid angle which includes a net per cent penetration 
through the collimator edge is given by:
N  / .  1
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and the ’effective’ solid angle, is given by:
N
where:
E , -  IV ,. exp ( -  | i , .  C /) (5.14)
and N is the number of sampling histories; Cl is the length of the collimator material 
in the particular simulation path; and is the attenuation coefficient of the collimator 
material at the given photon energy.
in order to calculate the ’total’ and ’effective’ solid angles ( the ’geometric’ solid 
angle has been considered by Khrbish [KHR87] ) at a known photon energy, two 
cases were considered:
Case A:
The point is located above the aperture at P and P < RC, Fig.5.3. In this case 
® mln = O'
C max which is the maximum length of the collimator material traversed by the 
photon beam of the given energy, is given by:
C m x  -  -  (5.15)
Me
where f is the penetration fraction and Pg is the attenuation coefficient of the 
collimator material at the given photon energy. With the value of C max known, G^ ax can 
be deduced. The critical angle 0^  ^below which a  may vary over 2tc and above which 
its variation is restricted to + 0 ^5% is also calculated once C max is known.
The other relevant angles in the calculation of are:
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CRIO,THCRR
THCR
i i RC
V
RO
max
Fig.5.3 Geometrical configuration of a point source positioned above the aperture of 
the collimator; case A: P < RC.
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0 rnaxo -  tan . R C +  P  
H  -  Q
(5.16)
-1 R C -  P  
H  -  Q
(5.17)
THCR -  tan P +  RO  
H
(5.18)
and:
THCRR -  tan f \ R 0 -  P \  
H
(5.19)
Defining X as a random number equi-distributed in [0,1], 0 is given by: 
e -  cos -’ [ 1 -  X . ( 1 -  cos ( e ^  ) ) ] for e ^  £ t h c r  (5 .20)
or:
e -  cos -’ [ 1 -  X" • ( 1 -  cos ( THCR ) ) ] for 0 ^  > THCR (5-21)
and W1 is given by :
i y i
1 -  cos ( 6 _ _ )
for THCR (5.22)
or:
_ 1 -  COS ( THCR ) 
2
for e ^ >  THCR (5.23)
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The value of a^ax is then calculated from:
cos -1 for e > THCRR < B ai (5.24)
or for 8 >  0j^<THCRR:
«max -  cos
p 2  + [ ( P - O ) . t a n ( 0 )  -  sin ( 6 ) ]  ^ _ PC
2 . P . [ ( P  -  Q ) . tan ( 6 ) -  CuAx • sin ( 6 ) ]
or:
max 71 for e and or (5.26)
for 0 £ THCRR
and:
tV 2  - max
7C
(5.27)
Finally, for the given 0, the corresponding length of the collimator material 
traversed in the particular selected path. Cl, Is calculated and the findings of the 
sampling history are incorporated into Equations 5.12 and 5.13.
Case B:
The point Is located above the aperture at P and P > RC, Fig.5.4. In this case 
a  is given by:
- « m a x  ^  «  ^  + « max (5.28)
where X is an equi-distributed random number in [0,1] and:
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THCR
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m ax
A RC
O
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Fig.5.4 Geometrical configuration of a point source positioned above the aperture of 
the collimator; case B: P > RC.
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« m a x - tan -1 RC
( P 2  _ R C ^ )  2
(5.29)
and W2 Is then given by:
(5.30)
Knowledge of a  also allows the calculation of the relevant angles:
6 max -  tan -1 XLL H -  Q
(5.31)
Omln -  tan XL
H -  { Q  + D )
(5.32)
e  maxo -  tan OXLL 
H -  Q
(5.33)
0 mfrx, -  tan -1 OXL 
H - { Q +  D)
(5.34)
THCR -  tan P . cos ( g ) + ( RO^ -  . sin  ^ ( g ) )
H
(5.35)
where:
OXLL -  P . COS ( g ) + [ R C ^  -  P2 . s in 2 (  g  ) ]
(5.36)
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OXL - p . COS ( o ) - [ flC 2 -  p 2 . sin 2 ( o ) 1 *
and XL and XLL are calculated using C ^ax ( Equation 5.15 ) and the calculated 
values of OXL and OXLL, respectively.
For TH C R <0„i„ and/or for e ^ < 0 „ , „ :
IV2 -  0 (5.38)
but for 0 < THCR:
IV1 -   ^mln ) -  COS ( 6 max ) (5.39)
and:
e -  cos-’ [cos (e„,„)  -  X .  [cos ( e „ |J  -  cos ( 0 ^ )  ] ] (5-40)
and for 0 „ „ > T H C R :
,y i  cos ( 8 -  cos ( WCP ) (5.41)
and:
e - c o s - ’ [ c o s ( 6 „ , „ ) - X . [ c o s ( e „ j , ) - c o s ( 7 W C f l ) ] ]  (5.42)
where X is an equi-distributed random number In [0,1].
With the value of 0 thus calculated, 01 the length of the collimator material 
traversed for the given sample history. Is evaluated. The calculated values of W 1, W2
and 01 are then processed Into the solid angle calculations, le. Equations 5.12 and
5.13.
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5.2.2 Solid Anale for an Inclined 'Sectioned' Conical inhomoaeneous Source
Source inhomogeneity within an irradiated target may be the result of either or 
both of two cases. Case one is when a 'uniform' flux distribution of the activating 
radiation traverses a target within which the element of Interest Is unevenly distributed. 
The solution to this problem would require detailed knowledge of the nature of the 
target elemental Inhomogeneity. For thin targets, for example, the assessment of the 
Inhomogeneity may be made by scanning the target with a charged particle probe eg. 
PIXE [ALB86], with the size of the probe being considerably smaller than the size of 
the target.
The second case occurs when the element of Interest Is evenly distributed 
within the target but the Induced activity distribution follows that of the non-uniform flux 
profile. The flux profile on the 'axis' of the activating radiation can be approximated by:
^ « ex p  ( -S  . f )  (5.43)
where t is the distance penetrated by the activating flux within the target and Z Is the 
neutron attenuation parameter describing the flux profile within the target.
The value of Z may be determined experimentally or alternatively It can be 
calculated either theoretically or from listed values of Individual microscopic cross-
sections for each nucleus.
The approach described In the previous section, ( section 5.2.1 ), can be 
modified to take into account the effect of flux profile within the Irradiated target on the 
solid angle. This was achieved by choosing the variable position of the generated point 
of emission such that along the axis of the 'activating flux' an exponential distribution 
described by Z Is enforced.
The 'corrected' solid angle values can then be used In a variety of situations 
where 'large' targets are activated, as for example In In vivo neutron activation 
analysis, to carry out quantitative measurements or geometric optimization procedures.
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5.3 SEPTAL PENETRATION AND ITS CONTRIBUTION TO THE SOLID ANGLE
A qualitative assessment of the septal penetration effect was performed by 
exposing a radiograph film to a collimated beam of gamma-rays. The film was placed 
under a 20 mm bore, 50 mm thick lead collimator, and the gamma-ray beam was 
provided by a ®°Co source ( gamma-ray energies of 1173 keV and 1332 keV ) 
suspended centrally on the collimator. After a sufficiently long period of exposure time, 
the film was processed and the transmission of light through the radiograph was 
Imaged using a high resolution digital camera. Flg.5.5 shows a line profile through the 
central axis of the exposure 'map'. The septal penetration effect Is clearly evident le. 
the rise In the amount of transmitted light at the collimator edges Is gradual Instead of 
a sharp step rise.
5.3.1 Assessment of the Programme Performance
Standard reference photon sources were used to verify the validity of the 
calculated solid angle values obtained using the Monte Carlo aided Fortran 
programme. Various experiments were carried out, the results of which are reported 
here.
The first section Involved the evaluation of the solid angle using an 'absolute' 
method, le. knowledge of the detector’s Intrinsic efficiency and the activity of the 
source allowed the determination of the solid angle. For this section a low atomic 
number aluminium collimator and a high atomic number lead collimator were used In 
conjunction with an Intrinsic germanium low energy photon detector and a Nal(TI) 
scintillation detector, respectively. This allowed the Investigation to be carried out not 
only at higher energy gamma-ray levels, but also at the lower energy X-ray range. 
Flg.5.6 and Flg.5.7 show the results obtained In this section. Referring to these results, 
the difference between the 'geometric' and 'experimentally' obtained solid angles was 
found to be 84 + 2% at 59.5 keV and 64.4 + 4% at 1332 keV. Considering the error 
associated with the experimental values and the standard deviation ( approximately 
2% ) In the calculated results, the agreement between the 'effective' and 
'experimentally' obtained solid angle was good, le. 26 + 11% at 60 keV and 11 + 5% 
at 1332 keV.
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The second section involved the evaluation of the solid angle using a 
'comparative' method, ie. no knowledge of detector efficiency or source activity was 
required. The intrinsic germanium low energy photon detector and two collimators 
made of aluminium and of iron were employed to investigate the lower energy ranges. 
Here the iron collimator was considered as the 'ideal' collimator, ie. septal penetration 
for the energy range of interest was considered negligible. Fig.5.8 shows the results 
obtained in this section. Although the increase with photon energy of the 
experimentally obtained solid angle was evident, the values were in general lower than 
the corresponding calculated 'effective' solid angle values. The overall differences were 
attributed to the geometric reproducibility and the associated uncertainty of the 
measurements.
The response of the detector as a point source is moved along the axis parallel 
to the collimator face is an important parameter when assessing the performance of 
the detection system. Fig.5.9 shows the normalised shape of the collimated Nal(TI) 
scintillation detector response for the 511 keV and 1275 keV photon energies of the 
“  Na point source. The normalised shape of the calculated 'geometric' and 'effective' 
solid angles, as obtained using the Monte Carlo aided programme is also shown on 
this graph, it is quite clear that the septal penetration has a significant effect on the 
detector response and the shape is well predicted by the calculated 'effective' solid 
angle. Fig.5.10 and Fig.5.11 show quantitatively, the fractional contribution of the 
septal penetration effect to the 'effective' solid angle for 511 keV and 1275 keV photon 
energies respectively. The overestimation of the source activity in subsequent 
quantitative analysis would be significant if the 'geometric' solid angle is used in these 
calculations.
5.3.2 Application of the Simulation Technique
Knowledge of the 'effective' solid angle can be useful not only in 'absolute' 
method analysis and data manipulation for a given geometric arrangement, eg. in 
quantitative neutron activation analysis, but also in geometric optimization of the 
experimental set up to obtain maximum 'information' for the given parameters.
The geometric variables for a given experiment is study dependent and
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therefore the application of the simulation technique would depend on the exact nature 
of the measurement. The following case studies are reported as a demonstration of 
the technique's strength and possible application to the field of quantitative photon 
measurement.
5.3.2.1 Case Study 1
The method was used to demonstrate the variation of the effective solid angle 
with increasing photon energy by considering disc sources of radii of 0.1 to 30 mm and 
for the photon energy range of 100 to 5000 keV. Fig.5.12 shows the results obtained 
for this section of the simulation study. As expected from the photon attenuation 
coefficient data for lead [STO70],[HUB82], the 'effective' solid angle increases with 
increasing photon energy until a maximum is reached at about 3000 keV. Also shown 
is the decrease in the 'effective' solid angle values with increasing source size. ( The 
'geometric' solid angle values for the given source radii may be evaluated by 
extrapolating to the X = 0 axis, ie. for the photon energy of zero which corresponds to 
the zero septal penetration condition.).
The difference in the values of the 'effective' solid angle when the coherent 
scattering contribution, [STO70], was subtracted from the total attenuation coefficient 
was found to be less than 3% in the energy range considered in these simulations.
5.3.2.2 Case Study 2
In order to study the effect of source inclination on the 'geometric' and
'effective' solid angle, source radii 10*® mm to 30 mm were considered for a range of
photon energies. Fig.5.13 and Fig.5.14 show the results obtained in this section of the
simulation study for the photon energy arbitrarily set at 400 keV. The results
demonstrate the importance of considering source inclination when quantitative
measurements are carried out. It can be seen from these figures that the maximum
solid angle occurs. In general, for source angle of inclinations of about 90®. Also 
notable is that at source angle of inclinations greater than about 60® the solid angles 
for larger source radii exceed the corresponding values for smaller sources. A similar
behaviour has been reported by Khrbish [KHR87].
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5.3.2.3 Case Study 3
Pre-experimental information about the soiid angle can be used to evaluate the 
effect of collimator dimensions on the final outcome of the study, thus reducing the 
experimental time required for system performance optimization. The usefulness of the 
method as an aid to 'experiment planning’ was assessed by examining the effect of 
the collimator length on the 'effective' solid angle subtended by the collimated detector 
at a point source as the source was moved across the axis parallel to the detector 
face. The simulations were performed for 140 keV photons and for collimator length 
of 40 to 120 mm. Fig.5.15 shows the outcome of the first set of simulations where a 
constant source to detector distance was enforced. It can be seen that for different 
collimator lengths, the normalised 'effective' soiid angle ( representing the detector 
response ) is constant for displacements less than or equal to the collimator bore. 
However, the rate of detector response 'fall' is greater for collimators of longer length.
Fig.5.16 shows the outcome of the simulations where the source to collimator 
face distance was constant, ie. source to detector distance was reduced as the 
collimator length was decreased, in contrast to the results of the first simulation, the 
'effective' soiid angle was found to decrease considerably for longer collimators and 
the detector response 'fall' was nearly as steep for different collimator lengths.
Given the information from Fig.5.15 and Fig.5.16 the collimator length may be 
chosen by considering the trade off between the detection efficiency and the 
'sharpness' of the collimator performance for the given experimental requirements and 
aims.
5.3.2.4 Case Study 4
The effect of neutron flux profile non-uniformity of the type discussed in section
5.2.2 on the soiid angle and the evaluation of the volume of interaction, ie. that volume 
of the activated target 'viewed' by the collimated detector, have been addressed in this 
section of the simulation study.
The activated target was assumed to be a cylinder of 70 mm diameter, 140 mm
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height containing water and irradiated by neutrons through its centrai axis. The neutron 
attenuation parameter describing the fiux profiie within the target was evaluated 
experimentally ( see section 2.3.3 ) and was used to enforce an exponential photon 
emission profiie within the activated target in the simulations. The simulations were 
performed for the 2223 keV photons from the prompt emission of the H (n,y) reaction 
and photon self attenuation within the target was neglected.
Fig.5.17 and Fig.5.18 show the normalised variation of the calculated 
’geometric’ and ’effective’ solid angles as the collimated detector was moved along the 
axis parallel to the detector face. Also given are the corresponding volumes of the 
activated target viewed by the collimated detector. The striking feature in these results 
is the depth along the target axis for which the maximum solid angle is observed, ie. 
at 3.5 + 0.5 cm from the target face. The maximum ’volume of interaction’ on the other 
hand is observed at the centre point of the cylinder, ie. at 70 mm from the activated 
target face. The high penetration capability of the 2223 keV photons is reflected in a 
more gradual fail in the volume of interaction profile as calculated by considering the 
septal penetration effect, Fig.5.18. The results of the simulation can be used not only 
to determine the ’effective’ soiid angle and the volume of interaction quantitatively, but 
can also be used to evaluate the optimal geometric arrangement.
5.4 CONCLUSIONS
Successful determination of the muiti-elementai concentrations in a given target 
using an ’absolute’ rather than a ’comparative’ method depends on reliable and 
reproducible experimental geometric conditions as well as on accurate information 
about the relevant nuclear parameters. In practice it requires accurate and precise 
evaluation of the parameters In the well established activation equation, ie. Equation 
1.7. The f^onte Carlo aided programme developed in the present study has been 
shown to be a reliable means for quantitative evaluation of the soiid angle subtended 
by the collimated detector at the photon emitting source. The strength of the method 
in the determination of the septal penetration effect contribution to the soiid angle has 
been demonstrated.
The effect of septal penetration in imaging studies eg. in emission tomography,
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can be significant specially if higher photon energies are to be used, eg. in industrial 
imaging applications. Fig.5.19 shows the images produced using point reference 
sources of two different energies under identical experimental conditions. It can be 
seen that the collimator septal penetration effect can cause significant loss of spatial 
resolution depending on the photon energy employed. The ’effective’ solid angle 
calculations can thus provide useful information about the collimator performance 
allowing the experimenter to modify the geometric variables to influence the final 
outcome of the study.
Some of the geometric parameters which influence the ’effective’ solid angle 
have been considered in the previous section, however the choice of the varying 
parameters is study dependent and may be limited by the nature of the experimental 
set up, eg. the source to detector distance could be fixed. Other examples of variable 
parameters include the collimator material, collimator bore size and the source 
thickness.
The method has been developed to consider conical sources but could also be 
used for disc and cylindrical shaped sources by varying the cone’s dimensions; by 
making the cone height very large, the cone becomes ’approximately’ a cylinder. Other 
geometric shapes could be incorporated and combined to provide a large selection of 
source shapes as required, eg. spheres and hemispheres.
Self absorption of photons within the source which has been addressed by 
workers such as Horovitz et al [HOR75], has also been incorporated in the method. 
However the effect on the ’effective’ solid angle values presented in the previous 
sections was found to be negligible either because the sources considered were 
infinitely thin or the photon energy considered was high, eg. 2223 keV. The 
programme has also the capability of considering different layers of attenuating 
material in the photon path and incorporates the relevant corrections in the ’effective’ 
solid angle.
In some applications it might be desirable to use collimator bore shapes other 
than the ’paraiiel-wail, circular-bore’ collimator configuration considered in this work. 
Appropriate changes to the main programme would allow such calculations to be
186
gFig.5.19 Emission tomographic images of point reference sources acquired under 
identical experimental conditions for:
(a) Photon energy = 60 keV and
(b) Photon energy = 511 keV.
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performed and this would not reduce the strength of the technique. Also, detector 
efficiency calculations of the type reported by workers such as Debertin et al [DEB82], 
Birattari et al [BIR80] and Nakamura [NAK70], [NAK72], [NAK75] may be incorporated 
in the simulations. This would then allow direct evaluation of the detector response and 
would eliminate the effect of partial energy deposition within the detector.
It must be emphasised that simulation studies must always be considered as 
an aid to any experimental procedure and may not therefore be used as an alternative 
to totally replace experimental investigations. The main limitation of the method is that 
no corrections are incorporated for the scattered photons. It is thought that in most 
applications the problem of incoherent scattering can be overcome since they result 
in a reduction in the detected photon energy. Coherent scattering corrections must on 
the other hand be addressed separately but are in general negligible at higher photon 
energies.
The successful use of the method described in the present study relies heavily 
on the accuracy of the information about the experimental geometry. Apart from the 
problems associated with the accurate positioning of the experimental set up, the 
difficulty of obtaining accurate and precise information about the detector dimensions 
and also the exact positioning of the crystal within the detector ’housing’ must be 
properly addressed [MOE85].
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CHAPTER 6
NEUTRON CONTAMINATION FROM MEDICAL 
ELECTRON ACCELERATORS
6.1 INTRODUCTION
The first development of super voltage accelerators took place In 1941 with the 
invention of the betatron [KER42]. Although these machines were originally designed to be 
used in research physics, they were quickly adapted for use in radiotherapy. Linear 
accelerators on the other hand did not appear until the late 40s and it was early 50s before 
clinical versions were developed. By the 60s linear accelerators were becoming widely 
established in radiotherapy departments throughout the world; their isocentricity, compactness, 
improved performance and higher dose rates has made them superior machines and they 
have been used to replace the betatrons ever since.
An unavoidable contamination of photoneutrons in electron accelerators operating 
above about 10 MeV has been of concern to various workers and regulatory authorities for 
their effects on the patient and for the protection of the operators. The need for convenient 
and accurate dosimetry of these neutrons has lead to many investigations. The first of such 
studies was carried out in the early 60s [LAU51]. The use of a foil activation method and a 
gated BFg proportional counter In a moderator for measuring the neutron field around a 23 
MeV betatron was reported.
Due to the presence of a relatively intense photon field and because of the 
dependence of dose on the neutron spectrum, neutron dosimetry for therapy accelerators is 
difficult. This is further complicated by (i) the lack of understanding of the effect of photon 
shielding around the target assembly on the neutron spectrum and, (ii) the wall scattering of
189
neutrons in ttie concrete room where the accelerators are almost always operated.
6.2 PHOTONEUTRON PRODUCTION AND TRANSPORT
6.2.1 Neutron Production
Almost all the neutron production in electron accelerators is by high energy photons 
and direct production of neutrons by electrons is less than one per cent of the total and can 
be neglected, [NCRP84]. The primary production of neutrons by photons is through the (y,n) 
reaction with smaller contributions from (y,pn) and (y,2n) interactions. The prominent, rather 
broad peak in the photoneutron cross section curve, Fig.6.1 [HAR64], at 13 to 18 MeV for 
heavy and medium nuclei ie. A > 40, referred to as the giant resonance, is responsible for 
almost all the neutron production in the photon energy range of interest ie. < 50 MeV. 
These cross sections are characterised by a threshold energy, a rapid rise to a peak and a 
more gradual decrease at higher energies. Table 6.1 gives a list of threshold energies for 
some materials of interest and the giant resonance curves may be obtained from [IAEA87].
The yield of photoneutrons is governed by the convolution of the (y,n) cross sections 
and the bremsstrahlung spectrum. Swanson [SWA78] has calculated the neutron yields from 
’semi-infinite’ slabs of ten elements ranging form carbon to uranium. Fig.6.2 is taken from this 
work, [SWA78] and in view of the assumptions and approximations on which these 
calculations were based the figure represents the maximum number of neutrons an electron 
can produce in interacting with an element. Fig.6.3 [SWA78] gives the yield as a function of 
lead target thickness. Fig.6.2 and Fig.6.3 can be used to calculate the neutron yield from a 
lead target of any thickness. Agreement of this technique with measurement values has been 
found to be within 7% [NCRP84] and reflects the validity of the method.
The two groups of neutrons that govern the neutron spectrum in the giant resonance 
are (i) the evaporation neutrons, and (ii) the direct emission neutrons. The evaporation 
neutrons are emitted almost isotropically and are the larger component in the photoneutron 
production. Their energy distribution is adequately approximated by the expression [McC79a]:
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Fig.6.1 Photoneutron cross section curves, a (y,nj, for: (a) ^  Pb; (b) ^  Pb; (c) ^  Pb, 
[HAR64].
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Table 6.1 Photoneutron reaction threshold energies for some materials of interest, 
[McC79a].
Element Atomic
Number
Abundance,
(% )
(Y,n) Threshold 
Energy ( MeV )
Pb 206 25.1 8.08
207 21.7 6.74
208 52.3 7.37
Fe 54 5.8 13.4
56 91.7 1 1 .2
W 182 26.4 8.05
183 14.4 6.19
184 30.6 7.41
186 28.4 5.75
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E . (6 .1 )
where T is the nuclear temperature in MeV of the residual nuclide that remains after the 
neutron has been emitted and E „ is the neutron energy.
The direct emission neutrons on the other hand, constitute about 14% of the total 
neutron field and tend to be of higher energy. They are usually emitted anisotropically with 
respect to the photon beam direction.
6.2.2 Transport of Neutrons in the Accelerator Head
To obtain a well collimated beam of photons, the medical accelerators have massive 
shielding around the target; this is usually of high Z material such as tungsten or lead. Also 
contained in the accelerator head is a certain amount of iron and copper used in the 
construction of the bending magnets etc. The photons are predominantly emitted in the 
forward direction and therefore most of the shielding is incorporated in this direction. Because 
of the high atomic number of these materials, the only significant mechanisms by which the 
approximately isotropic photoneutrons lose energy is either by inelastic scattering or by (n,2n) 
reactions. At the lower energy range of neutrons it has been shown, [HOW58], that inelastic 
scattering dominates the neutron energy loss process whilst at the higher energy ranges the 
main process of energy loss is by (n,2n) reactions. The elastic scattering at these energies 
does not contribute to the slowing down process, but by increasing the neutron path length 
this process increases the probability for the other interactions to occur. Fig.6.4 and Fig.6.5 
[HOW58] illustrate the neutron interaction cross sections for tungsten and lead. The lowest 
excited state for lead is greater than for tungsten and since tungsten has 1.9 times more 
atoms per unit volume, it is a much better neutron moderator than lead at the neutron 
energies of interest. However manufacturers are increasingly opting for lead because of the 
higher cost of tungsten.
The energy loss in (n,y n') and (n,2n) interactions cannot be determined exactly.
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as a function of neutron energy, [HOW58].
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Fig.6.5 Neutron interaction cross sections in ’naturai’ lead 
as a function of neutron energy, [HOW58].
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however the minimum energy losses are equal to the lowest excited state and the binding 
energy of a neutron, respectively. The sum of inelastic and (n,2n) cross sections for tungsten 
and lead is of the order of 1 or 2 barns and neutron absorbtion is negligible in lead ( in fact 
due to the (n,2n) Interaction there may be a small neutron ’production’ in lead ). There Is 
however about 15% attenuation of neutrons In tungsten. The low neutron attenuation power 
of these materials means that even a gap in the shielding will not significantly increase the 
neutron fluence in that direction.
Because of the high number of scattering events in the accelerator head, the shielding 
may be approximated to a holiow sphere. This approximation greatly simplifies the attenuation 
and slowing down calculations. It can further be assumed that the wall thickness of this sphere 
is up to about 150 mm if the shielding material is lead and up to 100 mm if tungsten is used 
instead, [NCRP84]. Care must be taken in identifying the accelerator head shielding material 
since variations are possible even between machines by the same manufacturer; combination 
of these may also have been used to achieve the photon collimation.
6.2.3 Effects of the Concrete Room
Linear accelerators are usually operated in a shielded concrete room. The neutrons 
produced by the high energy photons undergo mostly elastic scattering events when they 
strike the walls. Thermalization of these neutrons by the hydrogen atoms present in the 
concrete is fairly rapid and they are finally absorbed by the capture interaction. However, 
before neutron capture occurs, neutrons may be scattered back into the room and traverse 
the distance between the walls several times. These low energy neutrons contribute to the 
neutron field around the electron accelerator and affect its spectrum shape.
It has been shown [PAT58] that if a fast neutron source is placed In a concrete room, 
an approximately uniform thermal fluence is produced everywhere within the room which Is 
related to the fast neutron source strength by:
(6.2)
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where ^ is the thermal neutron fluence; Q is the fast neutron strength; S is the inside surface 
area of the room ( including the ceiling and the floor ) and k is a constant.
Given the above result and that thermal fluence represents a single point of the wall 
scattered neutron spectrum, the possibility of a similar relationship for the entire wall scattered 
spectrum was investigated [McC79b]. A Monte Carlo based programme, MORSE, was 
employed and the following expression for the wall scattered neutron flux, <|) was 
established:
(6.3)
where ’a’ is a constant dependent on the accelerator head material.
( 'a' is simply the fractional fluence transmission of neutrons through the head shielding. It has 
a value of 1 for lead shielded accelerators, since no significant attenuation of neutrons takes 
place in lead, and 0.85 for tungsten shielded accelerators. ).
6.3 THE PHOTONEUTRON SPECTRUM AND THE CONCEPT OF ITS AVERAGE ENERGY
6.3.1 Neutron Spectrum
It is frequently stated that the photoneutron spectrum around medical accelerators 
resembles the fission spectrum. Fig.6.6 [NCRP64] shows the photoneutron spectra for 
tantalum with peak photon energies of 20 and 30 MeV respectively; a fission spectrum is also 
shown for comparison. Using the Monte Carlo based programme, MORSE, this assumption 
was examined [McC79b],[McC79c] taking into account the effects of (i) the head shielding and 
(ii) the concrete room scattered neutron contribution to the neutron field. Fig.6.7 and Fig.6.8 
show the findings. The neutron spectra generated from 15 and 25 MeV electrons striking a 
tungsten and a lead target respectively, without any head shielding or the presence of room 
scattered neutrons, closely resembles a fission spectrum ie. “ ^Cf. However it is clear that a 
notable deviation of this assumption occurs for the real case when the neutrons have to 
penetrate the head shielding and wall scattered neutrons are present.
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Fig.6 .6  Photoneutron spectra for tantalum with peak bremsstrahlung energies of 20 and 30 
MeV. A fission spectrum is also shown for comparison [NCRP64]
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6.3.2 The Photoneutron Average Energy
The use of the average energy of the neutron spectrum, E„, is another way of 
considering the effects of the heavy metal head shielding and the concrete room scattered 
neutrons, it was shown, using the MORSE programme [McC79b] that E  ^ falls nearly 
exponentially with the thickness of the shielding material. Fig.6.9 and Fig.6.10 are taken from 
this work; it can be seen that the slope is higher for tungsten than it is for lead ie. tungsten 
has a greater slowing down power. Once E falls below the first excited state, the shielding 
material becomes very transparent to neutrons and E  ^ remains almost constant for 
transmission through further thicknesses. Fig.6.11 shows the half energy layer, HEL, defined 
as that thickness of material which decreases the E  ^value by a factor of two, for tungsten, 
lead and iron, [McC79b].
McCall and his coworkers have also shown that the neutron field around electron 
accelerators could always be described as the sum of the neutrons incident directly from the 
source and a component scattered from the concrete room walls [McC79b].
(|) dir, the direct component of the neutron field follows the inverse square law and the 
wall scattered component is given by equation 6.3. Therefore the total fast neutron fluence can 
be written as:
<i> f " ^dir + ^ ' ^ 2  + 5.4 ^  • Q (6.4)
4  .  7C .  / ?  ^  o
where R is the distance from the source to the detector position; 'a' is equal to 1 for lead and 
0.85 for tungsten shielded machines respectively.
Fig.6.12 shows the relationship between the average energy of the direct, and 
scattered, components, [McC79b]. The result = 0.24 x E^ ,r can be used to express 
the average energy of the total spectrum, E in terms of E i^r by:
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6.3.3 Application of the Technique Using Activation Detectors
Certain materials become radioactive when irradiated by neutrons through different 
interaction mechanisms and the induced activity can be measured using the appropriate 
detectors. The physics of these activation techniques have been discussed by others, 
[IAEA70].
The saturation activity A , is given by the well known equation:
p . .
where D is the number of recorded counts; t^ is the counting interval; t, is the irradiation 
interval; t^ is the elapsed time between the end of irradiation and the start of counting; X is 
the decay constant of the radioactive isotope; e  ^is the absolute detection efficiency for the 
emissions of interest and N is the number of target atoms.
The thermal neutron fluence is calculated from the saturation activity using the 
expression:
^ th ^ ^th ‘ (G  7 )
G th
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where a is the thermal neutron capture cross section and A  ^ is the difference in the 
saturation activities of the 'bare' and 'cadmium covered' activation detector. ( Self shielding 
and flux perturbation corrections must be made as described in section 2.3.2 ).
The absorbed dose rate and dose equivalent due to thermal neutrons can be obtained 
using the corresponding kerma and quality factors from the literature, [CR085].
For threshold detectors which are used to measure the fast neutron fluence, the 
saturation activity depends on the spectrum x cross section overlap integral ( often referred 
to as the reaction rate ) and is given by:
where (J) is the number of neutrons per unit area per unit time in the energy range E to E 
+ dE; is the differential cross section for the interaction and Ej is the threshold energy for 
the reaction.
To separate the reaction rate into neutron flux and reaction cross section, an effective 
cross section is calculated using the expression:
— ------------- (6.9)
/  V ( E ) • —
where  ^ represents the assumed neutron flux ^  the energy s  E +  j E .
Therefore the number of neutrons measured in the energy range E , to infinity is given by:
4, r  -  (6 .1 0 )
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and the total number of neutrons in the energy range from the iow energy cut off, 5, to infinity 
is:
f  4> (E) • ^
<t> \ ~ Ag .
/  4> ( E) •
/  4> ( E) •
6  _
/  4> (E) • ® (E) •
Similarly:
and:
(6.11)
/  4> (E) • ^ (E )
The absorbed dose rate -  X  _. —  ----------------  (6.12)
/  4> (E) • ^ (E) •
/  4> (E) ' /^(E ) ' . dE
The dose equivalent rate -  >4, .  — — ------------   — ---  (6.13)
/  V (E) • ^  (E) • 
E,
where K and Q are the neutron kerma and quality factor respectively at the energy 
interval E to E + dE.
For the conversion of the fast neutron fluence to the dosimetric quantities knowledge 
of the spectrum shape is essential. The application of Monte Carlo neutron transport 
calculations by McCall and his coworkers has greatly increased the information about the
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neutron spectrum around medical accelerators. However such programmes are not readily 
available to other workers and a ’cook-book’ method has therefore been described [McC79b] 
for obtaining the conversion factors using the concept of the average neutron energy, 
discussed earlier.
The first step involved in using this method is the experimental determination of the 
epi-thermai neutron fluence employing a suitable technique. The average energy,  ^E ^ , of 
the primary neutrons is obtained from literature and using the HEL values from Fig.6.11 and 
knowledge of the accelerator head design, the average energy of the direct component of 
neutrons is calculated. Information about the inside surface area of the concrete room and the 
position of measurement of epi-thermai fluence, would then permit the calculation of the 
average energy of the total spectrum E „ using Equation.6.5.
Once E m is known Fig.6.13 and Fig.6.14 can be used to find the appropriate 
conversion factors for the measured fluence to absorbed dose or dose equivalent respectively. 
The corresponding dosimetric quantities calculated for the thermal neutron field are then 
added to the fast neutron values to obtain the ’total’ neutron absorbed dose and dose 
equivalent values as required. It has been reported, [NCRP84], that the ’cook-book’ method 
gives results that agree with MORSE calculations to within 10%.
6.4 METHODS OF MEASURING THE NEUTRONS AROUND MEDICAL ACCELERATORS
To date no method of neutron spectrometry has been established that will totally 
overcome the problems outlined in the previous sections. The four most frequently used 
techniques for the neutron field monitoring employ:
(I) Activation detectors;
(ii) Etched track detectors;
(ill) Diodes and 
(iv) Ionization detectors.
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Fig.6.13 Neutron fluence to absorbed dose conversion factors as a function of average neutron 
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6.4.1 Activation Detectors
6.4.1.1 Unmoderated Detectors
The physics of unmoderated activation detectors has been briefiy discussed earlier. 
Tabie 6.2 iists some usefui therm ai neutron activation detectors and their properties. Although 
many others may be used, gold and indium are the most frequently employed since they are 
readily available and have high absorption cross sections. Use of gold may be preferred 
however because of its longer haif-iife which allows counting to be delayed for longer periods 
of time.
Threshold detectors on the other hand have to be selected with greater care since 
most of their threshold energies are above a few keV. A full discussion of the criteria in 
selecting suitable detectors is given [IAEA70]. A list of the most commonly used of such 
detectors together with their effective threshold energies and the half-life of their products is 
given in Table 6.3. Examples of threshold detectors used around medical accelerators are 
aluminium, [GUR78], and phosphorus, [PRI78b],[BAD82].
6.4.1.2 Moderated Detectors
A suitably designed spherical or cylindrical moderator with a thermal neutron detector 
placed at its centre, has frequently been used to evaluate the fast neutron fluence or dose 
from medical accelerators. It has been found that such a detector has an approximately 
constant response per unit of dose equivalent of neutrons independent of energy, [r-lAN'68]. 
Moderators such as polyethylene, water and paraffin have been used and the activation 
detectors employed have usually been gold, [PAL84], or indium, [McG76]; other activation 
detectors such as rhodium foils have also been used, [LAÜ51]. Commercial versions referred 
to as remmeters have found widespread use eg. Anderson-Braun and the Hankins 
remmeters.
Many studies have been carried out to investigate the effect of photoneutron production 
within these detectors on their response, [AXT78]. Attention has also been paid to the effect 
of the cadmium cover which is often placed over these detectors. The cover is often used to
208
Table 6.2 Useful thermal neutron activation detectors [ICRU69].
Nuclide
or
Element
Reaction
H alf Life 
of 
Nuclide 
Produced
<ro X IQ:"
for
Production
cm*
"He (n,p)"H 12.3 y 5327
"Li (n,t)^He stable 945
lOB (n ,a ) ’ L i stable 3837
:^N a(IS ) (n ,7 )"“N a 15.0 h 0.534
'"S c(IS ) (n ,7 )'"Sc 85 d 22.3
61V 3.8  m in 4.9
""M n (IS ) (n ,7 )“ M n 2.58 h 13.3
""Co(IS) (n ,7 )®"Co 5.24 y 36.6
""Cu (n ,7 )"^Cu 12.8 h 4.5
"•Tn (n 7 )H6min 54 m in 157
(n ,7 )'""Gd stable 242000
'"^Au(IS) (n ,7 )''=Au 2.70 d 98.8
23Gy fission many 577
(IS) denotes the ’natural’ monoisotopic elements.
Table 6.3 Useful fast neutron threshold activation detectors [ICRU77].
Reaction Half Life Effective threshold MeV
'"F (n ,2n ) 'T 110 m in 12.1
"^Mg(n,p)"^Na 15.0 h 7.0
’^A l(n ,p )"’M g 9.46 m in 4.5
^"A l(n ,a)"'N a 15.0 h 7.1
"T (n ,p )" :S i 2.62 h 2.4
""S(n,p)""P 14.3 d 2.7
7 "Ti(n,p)""Sc 83.8  d 3.8
" T e (n ,p )" 'M n 313  d 3.3
®"Mn(n,2n)"'‘M n 313 d 11.5
®"Fe(n,p)""Mn 2.59 h 6.1
“ Ni(n,p)"«Co, “ “ Co 71.3 d, 9.15  h 2.8
"®Ni(n,2n)"’ N i 36.0  h 12.3
""Cu(n,2n)""Cu 9.76  m in 12.4
"^Zn(n,p)"^Cu 12.7 h 4.0
""Cu(n.2n)"^Cu 12.7 h 11.2
'° " R h (n ,n ') '° '“ R h 56.1 m in 0.7
°^’A g(n ,2n)^""Ag 24.1 m in 10.7
“ ® In (n ,n ')“ ®'"In 4.50  h 1.4
" T (n ,2n )" " I 12.8 d 11.5
^""Th(n,f) fission products 1.4
""’ N p (n ,f) fission products 0.7
""®U(n,f) fission products 1.4
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eliminate the incident thermal neutrons but may cause photoneutron contribution to the 
neutron field being measured, [SAN84].
6.4.1.3 The Bonner Multisphere Spectrometer
This is the most frequently used method for the spectrometry of photoneutrons from 
medical accelerators. It consists of six polyethylene moderating spheres of different diameters, 
a bare thermal neutron detector and the appropriate cadmium cap. The thermal neutron 
detectors used include thermal activation foils and thermoluminescent dosimeters, [HOL77]. 
The disadvantages of the method are its theoretical response curve dependencies and the 
complex calculation requirements in neutron spectrum unfolding. The application to out of 
beam measurements have been verified, [HOL77]. Interferences from (y,n) reactions in the 
cadmium and the polyethylene spheres have lead to the failure of the method for in beam
measurements, in general, and conflicting results have been reported, [KUS76], 
[AXT72],[AXT79].
6.4.2 Etch Track Detectors
When solids exposed to heavy particle irradiation are etched, it has been found that 
microscopic radiation damage tracks are etched faster and become visible under a 
microscope. Two main types of etch track detectors used are: (a) combination of suitable 
fissile elements and fission fragment detectors, [WIL73], (b) direct interaction dosimetry, 
[SOH79]; it has been found that the response of these techniques is proportional to the 
neutron fluence and doss équivalent in the energy range of Interest.
Due to photo-fission interactions, the fission fragment track-etching dosimeter cannot 
be used for in beam measurements. In order to use them outside the main beam, corrections 
have to be made for photo-fission tracks produced by accelerator leakage photons. For the 
direct interaction dosimeter technique however, contributions from photonuciear reactions are 
considered to be insignificant, [NCRP84].
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6.4.3 Diodes
Various nuclear interactions such as neutron induced reactions, elastic scattering of 
heavy charged particles and high energy electrons can cause radiation damage in 
semiconductors which in turn induce measurable changes in their electrical properties. It has 
been demonstrated [WIL73] that the voltage sensitivity of diodes is a function of neutron dose. 
Since the photoneutron reactions have also been detected in high energy photon fields, the 
diode technique is not suitable for in beam measurement of neutrons, but can be used for out 
of beam neutron field evaluations.
6.4.4 Ionization Detectors
These include ionization chambers, proportional counters and Geiger-Muller counters. 
The physics behind their operation has been discussed by others, [KN079]. Because of their 
characteristics and sensitivity to photons, in general they are not used inside the medical 
accelerator room for measuring neutrons. The use of a specially designed ionization chamber 
for estimation of the neutron absorbed dose rate outside the treatment room has, however, 
been reported [SCH78].
6.5 Method
6.5.1 The Accelerator
The 'neutron contamination’ assessment was performed for a Philips SL-25 model 
Linear Accelerator, Fig.6.15. The Linac employes a Travelling-wave accelerating waveguide 
and uses a 5 MW Magnetron to provide the necessary Radio Frequency power for the 
electron acceleration. Once the desired acceleration is achieved, the electrons pass through 
the magnetic 'bending' system which focuses the beam onto the X-ray target or the electron 
window depending on the chosen system 'modulity'. ( The SL-25 is designed to provide 
photon beams of energies 6 MeV and 25 MeV as well as a selection of electron beams in the 
energy range from 4 to 22 MeV. ).
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The photon diaphragms allow the field size to be from 0 x 0 to 400 mm x 400 mm in 
the plane containing the 'isocentre'; ( isocentric height from the floor was 1250 mm ). Full 
description of the accelerator design and performance has been published, [PH 184], [PHI86], 
[PHI87].
6.5.2 Taroets for Activation
The neutron field measurements were carried out by bare activation detectors. The 
choice of detectors used is critical and may determine the success or failure of the monitoring 
effort. Some of the factors that have to be considered in deciding on the material for activation 
are:
(a) the purpose of the study;
(b) the environment to which the monitor may be exposed;
(c) the duration of irradiation and
(d) availability of monitors.
Because of the relatively large photonuclear reaction cross sections and the high 
intensity of photons around medical accelerators, many targets could not be used; (the 
photons outnumber the neutrons by a factor of about 10 ® in the main beam). The 
interferences may be caused by (y,n), (y,2n), (y.p), (y,np) etc, reactions producing direct 
activation of the detector; or by the detection of the resulting self produced neutrons. Useful 
(n,2n) reactions eg. ®®Ni (n,2n) ®^ Ni could not be employed because of the competing (y,n)
reactions. Also there couid be difricuities in making use of (n,a) reactions due to interferences 
from (y,2pn) interactions. The most useful reaction for fast neutron detection are thought to 
be (n,p) reactions. The element “ B which is the yield of the A (n,p) “ B reaction ( A and B
have atomic numbers of Z and Z -1 respectively ) can not be reached from  ^A by any other
known interaction. This is specially useful if the activation element is mono-isotopic eg.
aluminium. However if different isotopes of the element A are present eg. ^®Si, ^®Si, ®°Si, “B
may be produced by many ways. Photon reactions (y,p) in A and (y,np) in A for example
compete with the (n,p) reaction.
Examples of direct interference with the (n,p) reaction ie. detection of self produced
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fast neutrons, are: (a) (y,n') AI followed by ^^ Al (n,p) in the aluminium detector and
(b) Various fast neutron producing reaction paths followed by ®^Si (n,p) ®^AI or ^®Si(n,np)^ ® AI 
in the silicon detector.
In view of the above discussion it was decided to use aluminium foils, because of the
possibility of inducing (n,y), (n,p) and (n,a) reactions, as an indicator and monitor of 
'integrated' neutron flux. It was also decided to explore the feasibility of employing Si, Fe, Ni, 
and V as possible threshold activation detectors.
For thermal neutron flux monitoring it was decided to employ gold for the reasons 
outlined earlier.
6.5.3 Activation and Countino Procedure
All irradiations were carried out at an integral dose of 200 Gy ( 20,000 rads ) with times 
of irradiation of about 55 minutes; ( accurate values of the times of irradiation were used in 
the calculations ), the photon energy was set at 25 MV and the beam field size was always 
400 mm x 400 mm. The selected activation detectors in the form of foils or thin pellets, were 
placed on an 'aluminium foil covered' perspex tray; the perspex tray had a thickness of 3 mm.
In order to obtain spatial information about the neutron fluence, reference lines were 
drawn on the aluminium sheet. The majority of detectors were placed in the photon beam 
along axes G-T and A-B, Fig.6.16. The centre of the perspex tray, point O in Fig.6.16, 
corresponds to the isocentre of the medical accelerator. The distance between the electron 
target and the isocenter was one metre. To avoid the effect of neutron fluence distortion 
caused by the presence of the activation detectors on subsequent measurements, a 
reasonable distance was always maintained between activation detectors. The commercial 
aluminium foil ( 99% AI ) used as a flux integration monitor, was lined with a scalpel into five 
strips parallel to the A-B axis to obtain the required spatial information.
The variety of the activation detectors used produced radionuclides with a range of 
half-lives and photon spectra of varying complexity. Experiments were therefore designed so 
that data acquisition was carried out either 'on site' ( in particular for short lived radionuclides 
ie. < 1 hr) and/or 'off site' ie. at the University of Surrey.
2 14
450 mm
Fig.6.16 Geometric arrangement of the activation detectors on the plane of interest.
H.V, Floppy Disk Drive
Nal(Tl)
Detector
Amplifier M.C.A.
BBC’b
Computer
Fig.6.17 The gamma-ray spectroscopy system employed for 'on site' measurements.
A-B axis
Plane containing the isocentre
o
o
300 mm
Fig.6.18 The 'tissue equivalent' phantom and its position with respect to the plane containing 
the isocentre.
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For ’on site’ data acquisition a shielded 76.2 mm diameter by 76.2 mm Nal(TI) 
scintillation detector, connected to a Canberra 35+ series multichannel analyzer was used. At 
the end of each irradiation period the ’activated’ detectors were placed on the Nal(TI) photon 
detector for data collection; the waiting times were of the order of about two minutes. The 
recorded gamma-ray spectra were then transferred on to floppy disc via a BBC’B 
microcomputer connected to the multichannel analyzer, Fig.6.17. Data from the floppy discs 
were later transferred to the University mainframe computer for subsequent processing and 
analysis. The AI (n,y) AI reaction was used throughout, to monitor the progress of the 
experiments.
The main advantage of the Nal(TI) detector was the ease of transport of the detection 
system and its high photon detection efficiency. However its poor photon energy resolution 
places severe restrictions when measuring complex photon spectra; photon peaks should 
ideally be separated in energy by more than the ’full width at tenth maximum’ of the 
photopeaks of interest. For those activation detectors producing radionuclides of sufficiently 
long half-lives with complex multi-photon decay schemes, a Ge(Li) based detection system, 
located at the University of Surrey was used. This system consisted of a Ge(Li) high resolution 
semiconductor detector, together with a ND-66 multichannel analyzer, complete with an 
automated sample handler and data transfer system. The difficulties associated with the 
transport of this system and the large number of ’activated’ samples together with the long 
counting periods required, made ’on site’ data collection impractical.
A set of separate experiments were also carried out to examine the neutron field in 
tissue equivalent material. Slabs of 300 mm by 300 mm area and 20 mm thick tissue 
equivalent medium,( ’Bush Phantom’ with the chemical content of polyisoprene ie.(C gH @) 
were used . A phantom of total thickness 200 mm was constructed with its centre positioned 
at the isocentre of the accelerator and activation detectors were placed between each layer. 
The detectors were positioned on the central axis or alternately at 45 mm on either side of it, 
along axes parallel to A-B, Fig.6.18. Aluminium foils and gold discs ( bare and cadmium 
covered ) were the activation detectors used in this series of experiments.
216
6.6 RESULTS
6.6.1 On the Plane of Interest
The neutron measurements were carried out for three different energy regions:
(i) the thermal neutron energy band;
(ii) the epi-cadmium neutron energy range ie. = 0.4 eV to 0.1 MeV and
(iii) The fast neutron energy range ie. E„ = 0.1 MeV to infinity.
The thermal and epi-cadmium neutron fluences were determined using bare and 
cadmium covered gold activation foils. Fig.6.19 and Fig.6.20 show the variation of the 
calculated thermal and epi-cadmium fluence values on the plane of interest. Corrections for 
neutron flux perturbation due to the presence of foils and self-shielding effects have been 
incorporated using the method outlined in Chapter 2 . The errors in these measurements due 
to statistical and experimental uncertainties were of the order of about 7%.
The main problem associated with the evaluation of the fast neutron fluence values 
and the corresponding dosimetric quantities is the determination of the neutron spectrum 
shape as outlined in previous sections. Of the fast neutron monitors used only the ^^ Al (n,p) 
Mg and SI (n,p) AI reactions gave statistically reliable results. Fig.6.21 shows the 
induced reaction rate from the ^^ Al (n,p) Mg reaction obtained for different strips A to E, 
Fig.6.16. The possible interference to this reaction from self produced neutrons is thought to 
be negligible since the thickness of the foil was small ie. 0.05 mm. There was about 8% 
uncertainty associated with these measurements. Fig.6.22 on the other hand shows the 
reaction rate values from the ®^Si (n,p) ®^AI reaction obtained at different distances from the 
centre of the plane of interest. The experimental uncertainties associated with these 
measurements was about 7%. The large variations in the measured reaction rate values are 
thought to be due to the interfering photonuclear reactions specially from the ®^Si (y,np) ®^AI 
interaction. The reader is reminded that since the photon field size was 400 mm x 400 mm, 
these Interferences are not thought to be present in the measurements outside the main 
photon beam ie. for those detectors placed at + 225 mm from the centre.
The fast neutron fluences from these reactions were calculated using Equations 6.6
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Table 6.4 Fluence values obtained using t h e Al (n,p) reaction; on the plane of interest 
for different assumed spectra. Also given are the effective cross sections.
Assumed
Spectrum
*
Neutron fluence in the energy range 0.1 MeV to «> 
( n cm'^ Gy*’ of photons ) x 10^ for A! strips **
Effective 
cross section 
( mb )
FS
25Pb
25PbS
25PbSC
A B C D E
8.98+12%
6.54+12%
5.52+13%
6.80+12%
1.61+14%
2.70+14%
5.96+15%
5.29+14%
2.02+14%
3.38+14%
7.45+15%
6.62+14%
1.60+15%
2.69+15%
5.92+16%
5.26+15%
1.96+14%
3.28+14%
7.24+15%
6.44+14%
1.93±14%
3.23+14%
7.13+15%
6.33+14%
See section 6.6.1 for explanation of the notations. 
See Fig.6.16 for positional significance.
Table 6.5 Fluence values obtained using the ^®Si (n.p) ^®AI reaction on the G-T axis 
different assumed spectra. Also given are the effective cross sections.
for
Assumed
spectrum
Neutron fluence ** in the energy range 0.1 MeV to o® 
( n cm Gy of photons ) x 10 ^  for distances to 
isocentre of *** :
Effective 
cross section 
( mb)
-225 mm -90 mm 0 mm 90 mm 225 mm
FS 0.45+22% 9.51+21% 14.7+20% 12.2+21% 0.46+22% 132+20%
25Pb 1.55+24% 32.5+23% 50.1+22% 41.8+23% 1.58+24% 70.3+22%
25PbS 3.48+26% 73.0+25% 113+24% 93.9+25% 3.56+26% 78.8+24%
25PbSG 2.83+26% 59.5+25% 91.7+24% 76.5+25% 2.90+26% 78.8+24%
See section 6.6.1 for explanation of the notations.
Values for distances of -90 mm, 0 mm and 90 mm suffer from interfering reactions and therefore 
have very poor precision.
See Fig.6.16 for positional significance.
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and 6.11. Tables 6.4 and 6.5 list the derived effective reaction cross section and the fast 
neutron fluence values per unit Gray of photons in the energy range 0.1 MeV to infinity from 
^^ Al (n,p) ^^Mg and ®^Si (n,p) AI reactions respectively. The differential cross section values 
0(E) were calculated from tabulated data in [iCRU77] and [IAEA74]. For completeness of the 
reported data and also for the purpose of comparison, the calculations were performed for four 
different assumed spectra:
1/2(a) A fission spectrum as approximated by [Wat52] ie.  ^ 0.484 x exp(-E) x sinh(2E)
where ^ is the fraction of neutrons in the energy range E to E+dE and E has units of MeV. 
This spectrum will be denoted by FS here on;
(b) The photoneutron spectrum produced by 25 MeV electrons incident on a bare lead target, 
[McC79c].
This spectrum will be denoted by 25Pb here on;
(c) The photoneutron spectrum produced by 25 MeV electrons incident on a lead target after 
penetrating 150 mm of lead head shielding, [McC79c].
This spectrum will be denoted by 25PbS here on;
(d) The photoneutron spectrum produced by 25 MeV electrons incident on a lead target after 
penetrating 150 mm of lead head shielding and in the presence of concrete room scattered 
neutrons, [McC79c].
This spectrum will be denoted by 25PbSC here on.
The physical significance of the accelerator head shielding and the concrete room 
scattered neutrons has been discussed in earlier sections. The effect of the choice of 
assumed spectrum on the calculated fluence values can be illustrated by examining the results 
for ^^ Al (n,p) Mg reaction of Table 6.4. The calculated effective cross-section values range 
between 5.52 and 8.98 mb with a mean of 5.96 + 20% mb for different assumed spectra. The 
calculated values of fluence on the other hand vary between 1.6 x 10^ and 7.45 x 10  ^n cm'^  
Gy *■' with a mean value of 4.4 x 10 ^  + 49% n cm Gy '^  for different assumed spectra and for 
all the strips. The combined standard deviation in the measured values of the reaction rate 
ie. about 11% and the calculated standard deviation of the effective cross-sections ie. about
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20% is approximately 23%. However the final standard deviation in the mean fluence values 
is around 49% which shows that the correct choice of the assumed photoneutron spectrum 
is of critical importance in the fast fluence determination.
The evaluation of the interferences with the ^®Si (n,p) ^®AI reaction is complicated 
mainly due to the possibility of many photonuclear interactions taking place and uncertainties 
in their respective cross-sections. However the results from those activation detectors placed 
outside the main photon beam may be used to give some idea of the out of beam fluence 
values. The calculated fast neutron fluence values, Table 6.5, using different assumed spectral 
shapes range from 4.58 x 10® to 3.56 x 10^ neutrons per cm  ^per photon Gy with a mean 
value of 2.1 x 10  ^+ 62% n cm Gy'"' at + 225 mm from the centre of the beam.
The conversion factors used for the calculation of the absorbed dose and dose 
equivalent for thermal neutrons ie. the neutron kerma and quality factor were taken from 
[BAD82]. The total fast neutron absorbed dose and dose equivalent values were calculated 
using the 'cook-book' method proposed by [McC79b].
The derived standard deviation in the average reaction rates from both the cadmium 
covered gold foils and the aluminium measurements were relatively small le. 15% and 11% 
respectively. It was therefore decided to use these average values for the total neutron 
dosimetric quantities for in beam evaluations. To allow comparisons, the average neutron 
fluence in the energy range 0.1 MeV to infinity was calculated using the different assumed 
spectra mentioned previously. Table 6.6 lists the corresponding values of the calculated 
fluences between the energy ranges of 0.4 eV to 0.1 MeV and 0.1 MeV to Infinity. The total 
fast fluences given in this table are the result of adding the fluence values in the two energy 
regions. Since the values for the 0.4 eV to 0.1 MeV neutron energy range are small in 
comparison to the fluences in the 0.1 MeV to infinity energy range, the standard deviation in 
the total fast fluence values are not much different to those of column 3 in the same table.
The average energy of the primary neutrons was taken from [NCRP84]. Using the 
'cook-book' method fast neutron fluence conversion factors of 6.2 x 10^° n cm G y o f  
neutrons and 7.05 x 10® n cm'^Sv'^ of neutrons were calculated for absorbed dose and dose 
equivalent respectively. Table 6.7 lists the calculated absorbed doge from thermal and fast
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Tables 6.6 Fast neutron fluence values obtained from Cd covered gold and ^^Al (n,p) Mg 
reactions for different assumed spectra *.
Assumed
spectrum
*
Average ** neutron fluence in 
the energy range 0.4 eV to 
0.1 MeV, n cm * G y’ of 
photons X 10* 
and the corresponding S.D.
Average *** neutron fluence in 
the energy range 0.1 MeV to 
oo, n cm ■* Gy ’ of photons 
X 10*
and the corresponding S.D.
Total fast neutron fluence 
in the energy range 0.4 eV 
to oo, n cm ■* Gy *’ of 
photons X 10 * and the 
corresponding S.D.
FS 1.23 + 15% 1.83 + 11% 1.95 + 11%
25Pb 1.23 + 15% 3.05 + 11% 3.17+11%
25PbS 1.23 + 15% 6.73 + 11% 6.85 + 11%
25PbSC 1.23 + 15% 5.99 + 11% 6.11 + 11%
See section 6.6.1 for explanation of notations.
Averaged over the values on the plane of interest.
Averaged over the calculated fluences from the ^^Al (n,p) ^^Mg reaction for strips A to E.
Table 6.7 Neutron absorbed dose values calculated from gold and aluminium activation 
results.
Assumed
spectrum
Average ** thermal neutron 
absort)ed dose levels, neutron 
Gy per Gy of photons x 10 '® 
and the corresponding S.D.
Average *** fast neutron 
absorbed dose levels, neutron 
Gy per Gy of photons x 10*® 
and the corresponding S.D.
Average **** total neutron 
absorbed dose levels, 
neutron Gy per Gy of 
photons X 10® 
and the corresponding S.D.
FS 2.21+37% 0.32 + 11% 0.34 + 14%
25Pb 2.21 + 37% 0.51+11% 0.53 + 12%
25PbS 2.21 + 37% 1.10 + 11% 1.12 + 12%
25PbSC 2.21 + 37% 0.99 + 11% 1.01 +12%
* See section 6.6.1 for explanation of the notations.
Averaged over the values on the plane of interest.
*** Averaged over the calculated values from the AI (n.p) Mg reaction for strips A to E.
**** Obtained by summing the average values of columns 2 and 3.
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Table 6.8 Neutron dose equivalent values calculated from gold and aluminium activation 
values.
Assumed
spectrum
Average * thermal neutron dose 
equivalent levels, neutron 
Sv per Gy of photons x 10 ® 
and the corresponding S.D.
Average *** fast neutron dose 
equivalent levels, neutron 
Sv per Gy of photons x 10"® 
and the corresponding S.D.
Average **** total neutron 
dose equivalent levels, 
neutron Sv per Gy of 
photons X 10"® 
and the corresponding S.D.
FS 5.42 + 37% 2.77 + 11% 2.82 + 12%
25Pb 5.42 + 37% 4.50 + 11% 4.55 + 11%
25PbS 5.42 + 37% 9.72 + 11% 9.77 + 11%
25PbSC 5.42 + 37% 8.67 + 11% 8.72 + 11%
See section 6.6.1 for explanation of the notations.
Averaged over the values on the plane of interest.
Averaged over the calculated values from the AI (n,p) ^^Mg reaction for strips A to E. 
Obtained by summing the average values of columns 2 and 3.
Table 6.9 Neutron source strength.
Assumed 
spectrum *
Neutron source strength, Q 
Primary neutrons per photon Gy
FS 
25PbS 
25PbSC 
Equation 6.14
1.5x10^2+17% 
2.44 X 10"+ 17%  
5.28 X 10 "  + 17% 
4.71 X 10'5.19%
* See section 6.6.1 for explanation of notations.
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photoneutrons for different assumed spectra. Also given are the total neutron absorbed dose 
values. Table 6.8 lists the corresponding dose equivalent values. The total neutron absorbed 
dose values range between 3.4 x 10^ and 1.1 x 10® neutron Gy per Gy of photons with a 
mean of 7.3 x 10 ^ ±  52% Gy per photon Gy depending on the shape of the assumed 
spectrum. The corresponding dose equivalent values on the other hand, range from 2.8 x 10 ® 
to 9.8 X 10® Sv per photon Gy with a mean of 6.4 x 10 ® + 52% Sv Gy of photons 
depending on the assumed spectrum.
6.6.2 In Tissue Equivalent Material
Fig .6.23 shows the thermal neutron fluence variation with depth in the tissue equivalent 
phantom; the points of measurement were at the centre and alternately at 45 mm on either 
side. Fig.6.24 and Fig.6.25 show the corresponding absorbed dose and dose equivalent 
values respectively. Appropriate corrections for neutron flux perturbation due to the presence 
of the foils and self shielding effects have been incorporated using the method outlined in 
section 2.3.2. The errors in these measurements due to statistical and experimental 
uncertainties are in the order of about 9%. The conversion factors used for the calculation of 
the dosimetric quantities ie. the neutron kerma and quality factors were taken from the work 
of [BAD82].
Due to the lack of spectral information it was not possible to evaluate the fast neutron 
dosimetric quantities in the phantom. However qualitative information may be obtained from 
the reaction rate profiles of the epi-cadmium and aluminium reactions. The results are shown 
on Fig.6.26 and Fig.6.27. The uncertainty associated with these measurements are 9% and 
14% respectively.
8.7 DISCUSSION
6.7.1 On the Plane of Interest
The results of Table 6.7 and Table 6.8 show that the in beam thermal neutron 
contribution to the total neutron absorbed dose and dose equivalent values is relatively
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insignificant ie. < 2% and < 1% respectively. This finding has been established by several 
workers such as [McG79], [GUR78] and [BAD82]. Out of beam measurements in the present 
study of thermal neutron field ie. at 500 mm from centre, has yielded values of 5.28 x 10® n 
cm '^  Gy ' \  2.32 x 10*® Gy per Gy of photons and 5.68 x 10"® Sv per photon Gy for neutron 
fluence, absorbed dose and dose equivalent respectively. These values fall within the In beam 
thermal neutron field values considering the statistical and experimental uncertainties 
associated with the measurements.
For the fast neutron field evaluations, different assumed spectra have yielded 
significantly different values ie. there is a standard deviation of about 50% between the 
calculated values. The frequently assumed fission spectrum yielded the smallest neutron field 
values whilst the largest values were obtained for the spectrum 25PbS ( 25 MeV photons 
incident on a lead target after penetrating 150 mm of lead head shielding ). Thermal neutron 
field values can be used to determine the neutron source strength by employing the empirical 
relationship [PAT58]:
. 1.26( ± 0.10 ) . Q (6.14)
v tt  g
where <j) is the thermal neutron flux; S is the room surface area and Q is the fast neutron 
source strength.
Table 6.9 gives the values of the source strength obtained using the above equation 
and the thermal fluence values measured in the present study. Also listed are the vaiues as 
determined for different assumed spectra using Equation 6.4. The Q value obtained using the 
thermal neutron field measurements agrees most with the ’25PbSC’ assumed spectrum value 
ie. to within 20%.
Table 6.10 presents a selection of neutron measurements carried out by various 
workers since 1951 around medical accelerators. Since there are so many possible variables 
ie. photon mode energy, beam field size, position of measurement, room size, accelerator 
make and model etc, the list is not exhaustive. However it can be used to provide some 
means of qualitative comparison with other studies. The entries most relevant to our work are
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Table 6.10 Past measurements of neutron contamination around ’medicai’ betatrons and linear 
accelerators; [ * Patient Plane; ** A: Moderated activation foils, B: Activation foils in 
remmeter moderator, C: Silicon diodes, D: Bare activation foils, E: Bonner spectrometer, 
F: Moderated TLD’s, FB: Film Badges, TE: Track-Etching, M: MORSE simulation,
MC: MORSE simulation and’cook-book’ method.]
References Manufacturer 
and model
Photon
mode
Energy
(MeV)
Distance
to
Isocente/ 
on P.P. 
(cm )
Field
size
(cm*)
Dose 
Equivalent 
n Sv Gy*’ 
of 
photons
Absorbed 
dose 
n Gy 
Gy *’ of 
photons
Neutron 
Fluence 
per cm * 
G y’ of 
photons
Method
[McG76] Varian,
Clinac-18
10 0
10
10x10 - 4.24x10®
6.09x10®
1.13x10®
1.52x10®
A
[OLI76] Varian,
Clinac-18
10 15 - - 6.3x10® - C
[DEY77] Varian,
Clinac-18
10 100 25x25 1x10"^ 1x10® 3.2x10® D
[MCG79] Varian,
Clinac-18
10 0
30
50
70
100
10x10
10x10
10x10
10x10
10x10
-
-
5.5x10®
3.8x10®
3.2x10®
2.8x10®
2.1x10®
A
[R0G81] Varian,
Clinac-18
10 100 35x35 4x10® - - B
[McG89] Varian,
Clinac-1800
10 0 20x20 - 7x10® 4.5x10® A
[OLI76] Toshiba,
LMR-15
14 15 - - 9.8x10® . - C
[OLI76] Seimens,
Mevatron-20
15 15 - - 1.2x10-^ C
[McC79b] Several 15 0 Several 2.7x10®
(±24%)
- - MC
[TOC79] Varian,
Clinac-20
15 50 0x0 2.3x10*^ - - A
[McC82] Seimens,
Mevatron-20
15 50 - 2.5x10-^ - 1.9x10® A
continued...
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Table 6.10 continued...
References Manufacturer 
and model
Photon
mode
Energy
(MeV)
Distance
to
isocentej- 
on P.P. 
(cm )
Field
size
(cm*)
Dose 
Equivalent 
n Sv Gy ’ 
of 
photons
Absorbed 
dose 
n Gy 
G y’ of 
photons
Neutron 
Fluence 
per cm* 
Gy’ of 
photons
Method
[PAL84] Seimens, 15 0 36x36 1.2x10® — 9.9x10® A
Mevatron 50 36x36 2.38x10"^ - 1.99x10®
100 36x36 2.05x10"^ - 1.87x10®
[McG89] Varian, 15 0 20x20 - 2.7x10*^ 9.2x10® A
Clinac-1800
[ATH75] Philips/MEL 16 20 - 2.5x10*^ - - -
SL75/20
[AXT79] MEL 16 20 2.5x10® - - A
[DR077] CGR- 18 100 - 8.7x10*^ - - A
Saturne
[GRA78] AECL, 18 100 - - 1.5x10*^ - C
Therac-20
[GUR78] Philips, 18 0 20x20 - 4.3x10*^ 1.39x10^ D
SL75/20 15 20x20 - 1.4x10*^ 4.5x10®
[R0G81] AECL, 18 50 40x40 2.5x10® - - B
Therac-20 100 40x40 1.9x10® - -
150 40x40 1.3x10® - -
[BAD82] AECL, 18 0 40x40 5.9x10® 6.5x1 O'* 2.9x10^ D
Saturne 25 40x40 4.0x10® 4.5x10"' 2,1x10^
40 40x40 1.6x10*® 1.8x10"* 9.8x10®
100 40x40 5.8x10*^ 6.7x10' 3.6x10®
continued
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Table 6.10 continued ...
References Manufacturer 
and model
Photon
mode
Energy
(MeV)
Distance
to
isocenter 
on P.P. 
(cm )
Field
size
(cm*)
Dose
Equivalent
nSvGy*’
of
photons
Absorbed 
dose 
n Gy 
G y’ of 
photons
Neutron 
Fluence 
per cm * 
G y’ of 
photons
Method
[McC82] AECL,
Saturne
18 50 - 2.5x10® 1.4x10^ A
[McC82] AECL,
Saturne
18 50 - 2.0x10® - 1.2x10^ A
[PAL84] Seimens,
Mevatron77
18 0
50
100
40x40
40x40
40x40
4.34x10®
1.54x10®
1.25x10®
2.64x10^
9.64x10®
8.51x10®
A
[PUR84] Varian,
Clinac-20
18 25 0x0 - - 2.1x10-^ A
[POW87] Varian,
Clinac-20
18 25 0x0 8x10"^
1.4x10® .
- FB
TE
[McG89] Varian,
Clinac-1800
18 0 20x20 - 5.3x10*^ 1.69x10^ A
[WIL73] Seimens,
Betatron
19 50TSD0
50TSD0
7.6x11.4
7.6x11.4
2.2x10® - 7.3x10^
1.7x10^
C
[TOC79] Varian,
Clinac-20
19 0
25
50
0x0
0x0
0x0
1x10®
7.6x10*^
6.3x10*^
-
A
[AND83] CGR,
Sagittaire
20 0 15x15 1.73x10® - - F
[R0G81] Seimens,
Mevatron20
20.4 50 35x35 2.6x10® - - B
continued...
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Table 6.10 continued ...
References Manufacturer 
and model
Photon 
mode 
Energy 
( MeV )
Distance
to
isocentej- 
on P.P. 
(cm )
Field
size
(cm*)
Dose 
Equivalent 
n Sv G y ’ 
of 
photons
Absorbed 
dose 
n Gy 
G y ’ of 
photons
Neutron 
Fluence 
per cm * 
G y ’ of 
photons
Method
[LAU51] AC. 23 90TSD0 - - - 5.4x10® A
Betatron
IFOX77] Shimadzu, 23 0 20x20 - - 6.2x10® D
Betatron 15 20x20 - - 2.9x10®
[R0G81] AC, 23 100 12.5x12. 1.6x10® - - B
Betatron 5
[LAR82] Varian, 24 50 - 6.3x10"* - 5x10® A
Clinac-2500
[McC82] Varian, 24 50 - 9.9x10"* - 6.5x10® A
Clinac-2500
[WIL73] CGR, 25 0 10x10 - - 1.8x10® C
Sagittaire 10 10x10 - , - 2.8x10^
30 10x10 - - 1.9x10’
50 10x10 - - 1.4x10’
[MAR75] CGR, 25 100 - 3.3x10® 3.3x10"* - C
Sagittaire
IOLI76] AC, 25 15 - - 2.2x10® - C
Betatron
[OLI76] Varian, 25 15 - - 5.9x10"* - C
Clinac-35
[HOL77] CGR, 25 50 10x10 2.14x10® 2.62x10"* - E
Sagittaire 126 10x10 1.72x10® 2.22x10"* -
[PRI78] CGR, 25 0 5x5 - 2x10"* - D
Sagittaire 30x30 - 5x10"* -
continued...
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Table 6.10 continued ...
References Manufacturer 
and model
Photon
mode
Energy
(MeV)
Distance
to
isocentej- 
on P.P. 
(cm)
Field
size
(cm*)
Dose 
Equivalent 
n Sv G y’ 
of 
photons
Absorbed 
dose 
n Gy 
G y’ of 
photons
Neutron 
Fluence 
per cm * 
G y’ of 
photons
Method
[McC79b] - 25 0 - 2.2x10® - - M
[McC79b] - 25 0 - 2.67x10® - - M
[McG79] AC. 25 0 10x10 - 3.2x10"* 1.22x10’ D
Betatron 30 10x10 - 1.8x10"* 6.3x10®
[NAT79] CGR, 25 50 10x10 2.6x10® - - E
Sagittaire 100 10x10 2.05x10® - -
0 10x10 7.6x10® _ . D
50 10x10 3.8x10® - -
100 10x10 2.0x10® - -
[SOH79] AC, 25 0 10x10 6x10® - - TE
Betatron 10 10x10 1.3x10® - -
[McG76] AC, 25 0 10x10 - 5.4x10"* 1.36x10’ A
Betatron 10 10x10 - 4.1x10"* 1.01x10’
[R0G81] CGR, 25 50 38x38 3.8x10® - - B
Sagittaire 100 38x38 4.1x10® - -
Varian, 25 50 35x35 3.9x10® . B
Clinac-25 100 35x35 3.1x10® - -
[McC82] AC, 25 50 - 1.5x10® - 5.8x10® A
Betatron
[AND83] CGR, 25 100 15x15 2.06x10® - - F
Sagittaire
IO’BR85] AECL, 25 0 - 4x10® - - A
Therac-25
continued...
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Table 6.10 continued...
References Manufacturer 
and model
Photon
mode
Energy
(MeV)
Distance
to
isocentej- 
on P.P. 
(cm )
Field
size
(cm*)
Dose 
Equivalent 
n Sv G y’ 
of 
photons
Absorbed 
dose 
n Gy 
G y’ of 
photons
Neutron 
Fluence 
per cm * 
G y’ of 
photons
Method
[AND83] CGR,
Sagittaire
30 100 15x15 2.32x10® - - F
[OLI76] BBC,
Betatron
32 15 - - <10® - C
[SAN84] - 33 0 10x10 - 9.7x10® A
[AXT79] BBC.
Betatron
35 20 - 1x10"* - - A
[AND83] CGR,
Sagittaire
35 100 15x15 2.37x10® - - F
[OL176] Seimens,
Betatron
42 15 - - 2.1x10® - C
[McG76] BBC,
Betatron
45 0
10
10x10
10x10 -
5.75x10"*
3.96x10"*
1.4x10’
1.0x10’
A
[OÜ76] BBC,
Betatron
45 15 - - . 3.5x10"* - C
[AXT79] BBC,
Betatron
45 0
30
10x10
10x10
- 2.6x10"*
1.04x10"*
- D
[SOH79] BBC,
Betatron
45 0
10
10x10
10x10
1.27x1 O'® 
1.27x10' .
TE
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those with photon mode energies of about 25 MeV. The listed neutron fiuence values for this 
group of machines range from 2.9 x 10 ® to 2.8 x 10^ n per cm ^  per Gy of photons. [WIL73] 
have reported an unusually high value of 1.8 x 10® n cm'^ per photon Gy at the isocentre of 
a CGR-Sagitaire accelerator. The values obtained in the present study, Table 6.6, are 
somewhat higher than the literature values. This can be explained at least in part by the 
unusually small room that the accelerator was positioned In. ( This was a 'test' room rather 
than the room In which the accelerator would be placed In for radlotherapeutic purposes ). 
Using Equation 6.4, It can be shown that the contribution from wall scattered neutrons would 
have been much smaller for a larger room. An Increase In the room surface area of 200% le. 
to 28.2 X 10® cm^ would result In the total fast neutron fluence to fall by about 30%. 
Unfortunately the room surface area values have often been omitted In the literature; the only 
reported study found that has assessed the concrete room scattered neutrons contribution to 
the fast neutron fluence quantitatively is by [McG89]. However they have employed an 
accelerator with a maximum photon energy of 18 MeV and their results cannot be 
quantitatively compared with the present work.
The listed absorbed dose and dose equivalent values In Table 6.10 range from 1.8 x 
10 to 2.2 X 10® neutron Gy and 6.3 x 10"* to 7.6 x 10 ® neutron Sv, per Gy of photons 
respectively. Comparison with the values of the present study. Tables 6.7 and 6.8, show that 
our findings are higher than those in the literature le. at worst by factors of 1.9 and 1.28 for 
absorbed dose and dose equivalent values respectively. Absorbed dose value of 2.2 x 10® 
Gy per Gy of photons reported by [OLI76] Is unusually high and has not been used in the 
above comparison. The larger values obtained In the present study are partly explained by the 
larger contribution from the room scattered neutrons than would usually be present; however 
no firm comparison can be made because of the lack of appropriate information in the 
literature.
6.7.2 In the Tissue Equivalent Phantom
Many theoretical studies of neutron production in patients undergoing high-energy 
photon beam treatment have been carried out in the past, [LAU51], [HOR53], [LAU79], 
[ING82], however experimental information Is scarce, [BAD82]. Results of the present study, 
Flg.6.26 and Flg.6.27, indicate high internal photoneutron production. Laughlln et al [LAU79]
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have shown that production of neutrons in the patient increases between photon energies of 
20 MeV and 30 MeV by a factor of 20. Fig.6.28 [NAT84] shows the estimates of integral dose 
of neutrons produced within the patient expressed as a fraction of the treatment beam integral 
dose , plotted against the photon beam energy.
When using an 18 MeV accelerator on the other hand, no significant photoneutron 
production within the phantom was reported [BAD82]. The disagreement between these 
results and the findings of the present study is not surprising since the threshold energies for 
the production of photoneutrons In light elements is much higher than for heavier elements 
eg. for carbon the threshold photon energy Is about 19 MeV whereas for lead It is about 7 
MeV.
Although dosimetric evaluation of the fast neutron field within the phantom was not 
possible due to the lack of spectral Information, the corresponding values for thermal neutrons 
have been calculated; Flg.6.23, Fig.6.24 and Flg.6.25. The results show a peak at a depth of 
around 40 mm Inside the phantom. The reason for this behaviour can be attributed to the 
slowing down of externally produced neutrons incident on the phantom and subsequent 
attenuation In the proceeding depth In tissue equivalent material.
6.8 CONCLUSIONS
Use of high energy medical accelerators In therapy has many advantages over ortho­
voltage ( 200 to 300 keV ) machines. Dose built up, increased depth dose and reduced side 
scatter for higher energy machines means that a better tumour to integral patient dose ratio 
Is achieved. This In turn has translated Into better cure rates [BUS80].
The advances In therapy methods have lead to increased survival times of patients. 
Therefore it is of great importance to evaluate the excess dose delivered to the healthy tissue. 
Although healthy tissue within the treatment volume will inevitably receive high amounts of 
dose, any dose to tissue outside this volume is undesirable.
Apart from the neutrons produced In the accelerator head and within the patient 
treatment volume, other sources of dose to the tissue outside the treatment volume are from:
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(i) photons leaking through the accelerator head shielding;
(ii) photons scattered out of the treatment volume and 
(ill) radioisotopes produced in the patients body.
The importance of the various dose deposition sources in the tissue outside the 
treatment volume has been summarized [NCRP84]. Based on the data from the literature it 
has been concluded that the dose received by the patient outside the treatment volume from 
accelerator head photon leakage Is usually less than 0.1% of the useful beam given that the 
[NCRP68] recommendations are followed; the integral dose from photons scattered out of the 
treatment volume Is 5 to 30 times greater than that from 0.1% accelerator head leakage; 
maximum Integral dose equivalent from head leakage neutrons could be about half of that 
from scattered photons; the dose from neutrons and radioactive Isotopes produced within the 
patient are considered negligible.
The neutron component of the dose received by the patient has been investigated In 
the present study. The main problem associated with the use of bare activation detectors such 
as aluminium and phosphorus for the evaluation of the fast neutron field around medical 
accelerators is the photoneutron spectrum shape determination. It has been demonstrated in 
the present work that the incorrect choice of the neutron spectrum shape can lead to 
Inaccuracies In the neutron field determination by a factor of 2 or more.
The average In beam neutron related absorbed dose and dose equivalent values 
obtained on the patient plane found In the present study were about 1.0 mGy and 8.7 mSv 
per Gy of photons respectively. The uncertainty associated with these results in view of the 
assumptions and approximations made Is about 30%. The validity of the assumed spectrum 
has been demonstrated using the thermal fluence values and the method proposed by 
Patterson and Wallace [PAT58].
The out of beam neutron field measurements were found to be smaller than in beam 
values by a factor of about two. This finding is in line with the reported data by others workers, 
Table 6.10.
Evidence of neutron production within the tissue equivalent material was found in the
238
study, however it has been estimated [NAT84] that for 25 MeV photon beams and for a field 
size of 300 mm x 300 mm the Integral dose from neutrons produced In the tissue Is less than 
a fifth of the dose from the accelerator head produced neutrons.
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CHAPTER 7 
CONCLUSIONS AND FURTHER WORK
A new data acquisition and handling system has been incorporated Into an 
existing In vivo neutron activation analysis system. Use has been made of a recently 
available Personal Computer-based multi-channel analyser card which has added to 
the data acquisition and handling capabilities of the gamma-ray spectroscopy system. 
The neutron source movement between the Irradiation and shielded positions Is now 
Personal Computer-controlled through a serial Input/Output card. The combination of 
the above mentioned modifications and the development of the necessary software 
has expanded the capabilities of the IVNAA system by allowing the execution of 
relatively complex tasks effectively and accurately. This has proven to be especially 
beneficial In studies where alternate ’prompt’ and cyclic activation analyses are 
performed; the precision In these measurements to within which the chosen time 
parameters are executed may govern the sensitivity of the given measurement.
The extent of the damage sustained by the Ge(LI) detector, employed In In vivo 
neutron activation analysis, was examined and was mainly attributed to fast neutron 
Inflicted damage. The two cold-redrlft procedures followed by the crystal heating cycles 
resulted In the absence of the low energy ’tailing’ effect of the photopeaks In the 
collected spectra. However the attempted ’on site’ repair procedure failed to Improve 
the energy resolution of the damaged detector and the Ge(LI) crystal was therefore 
referred to a commercial company for a full reactivation process. In a private 
communication they reported that during pre-regeneration examinations of the detector 
no significant evidence of fast neutron inflicted damage had been observed but 
instead, they had found a small ’leak’ In the detector vacuum enclosure. Given this 
finding together with the results of the heating cycles, it was therefore concluded that 
the cold-redrlft procedure used in the present study may prove beneficial In the repair
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of fast neutron damaged Ge(LI) detectors. However the success or failure of such a 
procedure would depend on the effectiveness of the active outgassing of the vacuum 
enclosure In order to avoid further complications arising from the surface effects due 
to condensation of gases on the crystal surface. Given the high cost of repair and that 
such commercial detector regeneration procedures may require long periods of time, 
It Is Important to ensure sufficient fast neutron detector shielding and also to monitor 
the long term performance of the exposed detectors. The detector performance may 
be assessed by examination of the 'leakage current’ levels and also by estimation of 
the number of fast neutron Interactions within the crystal through observation of the 
germanium peaks in the collected spectra.
Part of the IVNAA system modifications was therefore concerned with providing 
extra neutron shielding around the detector. Lithium carbonate filled plastic bags were 
placed around the collimated detector and the intensity of the germanium photopeaks 
In the collected spectra was found to be considerably reduced. However the 
Incorporation of the extra shielding material resulted In a lower activation per unit 
volume of the target viewed by the collimated detector, due mainly to the sharp fall In 
the neutron flux with depth Into the phantom. The consequence of the shielding 
modifications on the sensitivity of the subsequent measurements was therefore a result 
of the trade off between the above mentioned effects.
It was demonstrated that the In vivo ’prompt’ gamma-ray technique could be 
used to measure changes In the body concentrations of sodium, chlorine, nitrogen and 
cadmium. Calcium and phosphorus on the other hand were not measurable using the 
’prompt’ technique at acceptable dose levels delivered to the subject. Detection limits 
of 220 ppm and 140 ppm were found for sodium and chlorine respectively. In 
comparison to the results of the previous study [MAT79], there were Improvements In 
the evaluated detection limits of 60 ppm for sodium and 20 ppm for chlorine. The 
improvements were attributed mainly to the better detector neutron shielding which has 
resulted In the depression of the Interfering signals from the neutron Interactions within 
the Ge(LI) detector.
Detection limits of about 1.95% and 1.55% by weight of nitrogen were obtained 
using the Ge(LI) and Nal(TI) detectors respectively. These detection limit values are
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higher than those obtained In the previous study [MAT79] le. 1.25% and 1.2% by 
weight of nitrogen. The higher detection limits found In the present study are attributed 
mainly to the lower activation per unit volume viewed by the collimated detector which 
has been a consequent of the modifications made to the detector neutron shielding 
arrangement.
For cadmium measurements, where a liver phantom was used, a detection limit 
of about 13 ppm of Cd was found. This finding Is somewhat higher In comparison with 
the reported data from the previous studies by both Matthews [MAT79] who found a 
detection limit of 6 ppm and NIcolaou [NIC83] who has reported a detection limit of 10 
ppm. The higher detection limit value obtained In the present study was once again 
attributed to the lower activation per unit volume viewed by the collimated detector.
Selenium measurement Inside the liver phantom, using the 'cyclic' activation 
technique yielded a detection limit of 5.8 ppm of this element despite the presence of 
a significant Interfering photopeak of similar energy to the 162 keV emissions of Se 
In the dynamic background. Although the origins of the Interference were not 
conclusively determined, some of the possible sources contributing to the photopeak 
have been discussed. Further investigations, perhaps involving the Incorporation of 
gamma-ray shleldlng/colllmatlon material other than lead and/or providing better 
detector neutron shielding arrangements. Is necessary before drawing any final 
conclusions as to the sources of the interfering photopeak.
Measurement of chlorine using the 660 keV emissions of Cl as an 
alternative to the 'prompt' analysis technique, favoured use of the 'cyclic' activation 
method since the product isotope has a half-life of only 0.74 s. However despite the 
very high concentration of chlorine present In the phantom le. 13,000 ppm, and the 
many variations made in the timing parameters, no photopeak which could be 
attributed to the reaction of Interest was observed In the accumulated spectra. A 
theoretical detection limit of about 40 times the concentrations found In Reference Man 
was calculated for t, = tc = 2 s, t^ = 0.5 s, and n = 360.
The Monte Carlo aided Fortran-77 programme has been shown to be capable 
of producing valuable pre-experlmental Information regarding the outcome of studies
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involving collimated photon detectors. The simulation method has been used to 
calculate the average solid angle subtended by the collimated detector at distributed 
sources and the contribution of the edge penetration effect has been shown to be 
significant when high energy photons are measured and/or when relatively low atomic 
number collimator materials are employed. The goal of performing In vivo neutron 
activation analysis as an ’absolute’ method has been partially addressed by developing 
the means to calculate the volume of the activated target viewed by the collimated 
detector and also to estimate the averaged effect on the solid angle of the neutron flux 
non-unlformlty within the activated volume of Interest. Furthermore, once the 
appropriate modifications are incorporated, the Monte Carlo aided programme could 
be employed as a useful tool In detector neutron shielding design calculations.
Evaluation of the detector response from the calculated solid angle values still 
requires experimental evaluation of the detector Intrinsic efficiency at the photon 
energy of Interest. This approach Is only valid If the assumption can be made that the 
partial photon energy deposition fraction Is negligible. It would therefore be desirable 
to incorporate the detector efficiency calculations Into the solid angle evaluation so that 
direct comparison could be made between simulated and experimentally obtained 
detector response values. The accuracy of the simulation method would then depend 
on the accuracy of: (I) the tabulated photon interaction cross sections and (II) 
Information regarding the detector dimensions.
The feasibility of using ’bare’ activation detectors for evaluation of the neutron 
contamination around a medical electron accelerator has been demonstrated. However 
the accuracy of the method has been shown to be strongly dependent on the 
knowledge of the photoneutron spectrum shape; it was found that Incorrect choice of 
the neutron spectral shape can lead to Inaccuracies In the neutron field determinations 
of 200% or more.
Evidence of photoneutron production within the patient’s body has been 
demonstrated but no quantification was carried out due to the lack of Information 
regarding the spectral shape of the photoneutron field present within the tissue 
equivalent phantom.
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Dependence of the neutron field around the linear accelerator on the 
dimensions of the therapy room has been discussed. The In beam photoneutron dose 
equivalent on the patient plane was found to be 8.7 + 30% mSv per photon Gy. This 
value Is some what higher than the reported values found In the literature; comparison 
of the results Is however difficult mainly due to the Incompleteness of the Information 
in the published literature eg. often no quantitative Information regarding the therapy 
room dimensions has been given.
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